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Abstract
In this work, Polyimides were synthesized by incorporating an aromatic diamine monomer
with a methylene linker, 4,4'-methylenebis(2,6-dimethylaniline) (MBDMA), to make a robust
main chain along with aliphatic polyetherdiamine backbone linkers to reduce rigidity. The
polymers were designed to exhibit thermal properties in between those of conventional aromatic
polyimides and polymers with wholly aliphatic ether diamine links. Through dynamic mechanical
analysis and differential scanning calorimetry, it is shown that control of the molar ratios of the
aromatic MBDMA and the composition and size of the aliphatic polyetherdiamine can be used to
tune the glass transition temperature. The materials were characterized and further improved by
exploring the interaction of the polymer chains.
First, we explored the behavior of the hydrogen-bonding between the polymer chains and
then the packing order of the polymer strands. Hydrogen-bonding was provided by the
incorporation of a urea linkage connected to a UPy unit as a terminal monomer and the introduction
of a diisocyanate for some internal bonding sites. Through dynamic mechanical analysis and
differential scanning calorimetry, it is shown that the addition of 1,6 Hexamethylene Diisocyanate
and the 2-amino-4-hydroxy-6-methyl-pyrimidine increase hydrogen bonds content and improved
the thermal and mechanical properties of the polyimide. Furthermore, the imide ring is an
important component to maintain the physical and thermal stability of the polyimide-UPy and the
polyimide-polyurea hybrids.
Secondly, we investigated the behavior of crystalline regions provided by the organized
packing of polyethylene glycol into the formerly characterized polymers. Through dynamic

xvii

mechanical analysis and differential scanning calorimetry, it is shown that the incorporation of
polyethylene oxide diamine and the removal of methyl pending groups can be used to improve the
organized packing of the chains, which ameliorates thermal and mechanical properties of the
polyimide.
Furthermore, the crystalline regions, the terminal and internal hydrogen bonding are
important components to maintain the temperature and mechanical stability while maintaining the
processability. The polymers were characterized by FTIR, NMR, GPC, WAXS, thermomechanical
and calorimetric analysis (DSC, DMA, and Rheology), microhardness, and tensile testing.
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Chapter One:
Introduction to Polyimides

Note to reader
Portions of this chapter have been previously published in Polymer Engineering and
Science, 2019, 59, 2: 221-232, and have been reproduced with permission from John Wiley &
Sons, Inc.

1.1. Polyimides and Aliphatic Polyimides
Polyimides (PIs) were first mentioned in 1939 [1], in the 1950’s they saw a rapid
development by companies like DuPont® [2-4] into their commercial product Kapton® and its
derivatives. Due to their linear, highly ordered aromatic backbones and rigidity, prototypically
exhibit high thermal stability, solvent resistance, low coefficients of thermal expansion, low
dielectric constants, high glass transition temperatures, and superior mechanical properties [5-7].
These attributes are of interest in the production of high-performance products found in
electronics, aerospace structural components, thermal insulation, composites and adhesives [8-12].
More specifically, polyimides exhibit unique properties involving small ion or molecule diffusive
transport. Hence, they are used as semi-dry lithium ion transport separator layers for batteries,
where short-circuiting is eliminated due to low electrical conductivity [13 14]. Polyimides are also
ideal in selective gas transport and fuel cell membranes [15 16].
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Polyimides are made by a two-step condensation polymerization, staring with a diamine
and a dianhydride. Although polyimides are relatively expensive compared to most polymer
classes, they can be tailored at the molecular level to produce a broad combination of controllable
properties. Hence, the chemistry of polyimides is rather diverse with a variety of usable monomers
and several methodologies available for synthesis. However, there has been considerable debate
on the various reaction mechanisms involved in different synthetic methods [17-21].
The stability found in the conventional, fully aromatic polyimides renders them difficult to
process due to highly elevated glass transition and melt temperatures, which range close to their
decomposition temperatures [8-10 22 23]. To combat this, typically PIs are first synthesized as
soluble polyamic acids and coated as thin films on a surface to be later imidized by heat treatment
to form the final polyimide [24 25]. However, these polyamic acid precursors are vulnerable to
hydrolysis or solvolysis and the imidization ring closing reaction releases water, which can lead to
delamination from volume change and may hydrolyze the polyamic acid intermediate [24 25].
Such an approach also limits PIs to being cast as thin sheets with little post-synthetic processability
for industrial applications. To circumvent these shortcomings, various groups have sought to break
up the aromaticity of the polyimide backbone ultimately to impart thermoplastic behavior.
These approaches usually consist of using flexible linkers between the aromatic
dianhydride motifs in the forms of ethers (Figure 1.1 A, B, and C) [11 26-29], thioethers (Figure
1.1B) [18], or sulphones (Figure 1.1D) [25]. These linkages serve to increase flexibility and reduce
the glass transition temperature. The glass transition temperatures for many of the resulting
polymers remain relatively high, ranging from 215°C to over 310°C [11 25 27-29]. Although these
materials can be processed before decomposition, the temperature requirements remain elevated
and reprocessing or recycling is unlikely. The work done by Inoue et al. [20] and Kumagai et al.
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[21] show the usage of aliphatic precursors in the form of Nylon-Salt-type monomers to synthesize
polyimides under high pressure. Their work successfully creates a polyimide with a high Tm;
however, they are only soluble in sulfuric acid. On the other end of the spectrum, Baldwin et al.
[14] (Figure 1.1E) used an entirely aliphatic ether as the diamine and reacted it with pyromellitic
dianhydride (PMDA), reducing the glass transition temperature significantly (51-75°C). These
polymers lacked the highly ordered, stiff backbones of conventional polyimides, and this loss of
aromaticity greatly diminished the ability to compete with high-performance aromatic polyimides.

Figure 1.1: Representative Approaches for Modifying the Glass Transition Temperature Rely on
Introducing Flexible Linkers Within the Aromatic Dianhydride Monomers
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In this work, we synthesized polyimides by incorporating an aromatic diamine monomer
with a methylene linker, 4,4'- methylenebis(2,6-dimethylaniline) (MBDMA), along with aliphatic
polyetherdiamine backbone linkers and pyromellitic dianhydride (PMDA) as seen in Figure 1.2.
We designed the polymers to exhibit thermal properties in between those of conventional aromatic
polyimides and polymers with wholly aliphatic ether diamine links.
Limited studies report the use of MBDMA monomer in polyimide synthesis. Munoz et al.
studied a direct polycondensation process for synthesizing polyimides using 4,4’(hexafluoroisopropylidene)-diphthalic anhydride with a series of aromatic diamines including
MBDMA [30]. Both chloro(trimethyl)silane (CTMS) and pyridine (Py) were used as
polycondensation promoters. The obtained polyimides exhibited inherent viscosities ranging
between 0.27 and 0.81 dL/g. Although physical properties other than inherent viscosities were not
presented by appearance, the structures of the polymers in question seemingly reflected a high Tg
when the molecular weights were high enough. Additionally, Eastmond et al. synthesized a series
of polyimides containing MBDMA and a series of dianhydrides designed to impose constraints,
limiting motion in the polymer chains [31]. Diols with varying aromatic substitutions were
incorporated into the dianhydrides such that conformational relaxations were restricted in a variety
of ways. These dianhydrides were reacted with MBDMA to yield polyetherimides. Glass transition
temperatures varied from 245-420ºC. Later, dielectric relaxation studies related the effect of the
steric constraints to the glass transition relaxation [32].
Ultimately, our polyimides are designed to serve as functional thermoplastic materials,
which can be molded or extruded into shapes necessary for diverse uses, negating the need for the
highly limiting thin-film polyamic acid casting methodology used with conventional PIs.
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Figure 1.2: Synthetic Procedure for the Formation of PI Formulations
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1.2. Economy of Polyimides
Single use plastics have developed an evil reputation due to their ease of manufacture and
being replaceable, which turns them into disposable products that contaminate the environment.
The problem is that not all polymers are made equal, and most of them are engineered to perform
a task more efficient or that could not be done in the past. Polymers have become a major part of
the modern life and their ubiquitous position makes them indispensable to maintain our standards
of living. Most of the day to day activities we perform require a polymer that was designed to
perform a task and improved your standards of living. From the painting in the walls, to the cars
we drive, to the electronics we used the all involve engineer polymers.
Polyimides are a class of engineer polymers that see their application in electronics,
automotive, aerospace [33 34], and labeling among others. This applications can be seen in flexible
printed circuits, wire, cables, and pressure sensitive tape [35]. In 2016 the market for polyimide
film was reported to be 1.49 billion USD and it is projected to grow to 3.11 billion USD by 2025,
with researchers forecasting a 8.6% compound annual growth rate from 2017 to 2025. With
different new markets and a reenergized space exploration [33 35] polyimides and their research
have a purpose in the future. The objective becomes to design engineered polyimides that address
some of the environmental issues during production and improve the standards of living.

1.3. Infrared Spectroscopy and Proton Nuclear Magnetic Resonance
FT-IR spectroscopy is used to confirm polyimide formation and complete ring closure
(imidization) from the polyamic acid backbone. The polyimides studied here exhibited
characteristic imide group absorptions around 1771 cm-1 and 1716 cm-1, typical of imide carbonyl
asymmetrical and symmetrical stretching, arising from the anhydride ring of PMDA with 1355 -
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1373 cm-1 being the characteristic C-N aromatic stretch. The disappearance of amide carbonyl
absorption around 1540 cm-1 (–NHCO- stretch) indicated a virtually complete imidization of the
polyamic acid (PAA) precursor into polyimide. There are characteristic bands of aromatic rings at
1565 cm−1 for C-C stretching vibrations. Alkyl C-H stretch vibrations are seen at 2871 and 2972
cm−1 [36]. The absence of broad peaks in the 3400 to 3000 cm−1 from the carboxylic acid precursor
and NH2 symmetric and asymmetric stretching and deformation vibrations indicate that the ring
was fully imidized.

Figure 1.3: Fourier Transformed Infrared Spectrum confirming imidization of the polyamic acid
precursor
Proton Nuclear magnetic resonance is used to confirm the incorporation of the different
monomers into the backbone and complete ring closure. The random organization of the different
diamines can be seen in three different singlets from 8.1 to 8.5 ppm of the PMDA aromatic protons,
the combinations aliphatic-aliphatic, aliphatic-aromatic and aromatic-aromatic. The characteristic
peaks of the aromatic region at 7.0 ppm and CH3 at 2.0 ppm of the MBDMA can be identified to
ensure that the aromatic diamine was incorporated. On the other hand, the CH 3 signals from the
7

linear Jeffamine were 0.7 to 1.1 ppm [37]. The rest of the signals come from the two diamines and
they overlap. Furthermore, 1H NMR confirmed the incorporation of the aliphatic and aromatic
units in the polymer structure.

Figure 1.4: NMR of polyimides with a 4:1 ratio of aliphatic to aromatic diamines
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Figure 1.5: NMR of polyimides with a 1:1 ratio of aliphatic to aromatic diamines
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Chapter Two:
Thermomechanical Characterization of Thermoplastic Polyimides to Improve the Chain
Collaboration via Ureidopyrimidone End-Caps

Note to reader
Portions of this chapter have been previously published in Polymer Engineering and
Science, 2019, 59, 11: 2231-2246, and have been reproduced with permission from John Wiley &
Sons, Inc.

2.1. Introduction
A series of thermoplastic polyimide with ureidopyrimidone linkers (PI-UPy) are
synthesized and characterized in this work. The polymers are designed to have structural
improvements and corresponding tractable properties. While industries need to choose materials
that are proven reliable, there is often much research and development to modify and tailor the
polymers for enhanced properties or specific applications. The objective is to design polymers with
outstanding characteristics that will outperform existing materials. Polyimides (PIs) with
systematized aromatic backbones demonstrate high thermal stability, low coefficients of thermal
expansion, low dielectric constants, solvent resistance, high glass transition temperatures, and
superior mechanical properties [1-3]. Polyimides are known to be high performance polymers
since they can withstand extreme thermal conditions and are comparable to the toughness of metals
[4]. These versatile polymers are utilized in a realm of fields that require the production of high
12

performance materials, which are found in electronics, aerospace structural components [4],
thermal insulation, composites, and adhesives [5-9]. The large variety of monomers that can create
an imide linkage allow polyimides to have a vast architectural variability within the backbone.
These monomers are more specialized and more expensive than most polymer materials. A variety
of synthetic methods are used [10-14] to manufacture these polymeric materials with tunable
properties.
Aromatic polyimides have elevated thermal stability; however, these materials are
unsuitable for many industrial applications. Their limited processability is attributed to their
characteristic elevated glass transition temperatures (T gs) and melt temperatures (Tms) that are near
the polymer’s decomposition state [5-7 15 16]. These polymeric materials are synthesized using
soluble polyamic acids, which are then coated as thin films on a surface and heated to be imidized
and form the final polyimide. The drawback of this synthetic method is that the precursors have a
tendency to undergo solvolysis and in other cases hydrolysis [17 18]. Additionally, another
limitation caused by this synthetic approach is that these polymeric materials can be only converted
into thin films, which restricts their usage in various industrial applications.
To counteract the deficiency in processability, researchers have modified these materials
through the breaking of the aromatic moieties, so that these materials can have thermoplastic
behavior by augmenting their flexibility and lowering thermal transitions. To do so, the
conventional procedure is to disrupt the order of the aromatic backbone [8 11 19-23]. The glass
transition temperatures of these modified aromatic polyimides remain particularly elevated; these
temperatures range from 215ºC to 310 ºC [8 20-22], which makes them energetically inefficient
for processing. The temperature requirements remain elevated for reprocessing or recycling, even
though these materials can be handled beneath their decomposition temperature. The flexibility is
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increased when the number of aliphatic linkers is increased, as a result, causing the chains to move
at a lower temperature. Furthermore, Baldwin et al. [24] substantially decreased the glass transition
temperature to a range of 51ºC-75ºC by using an ether diamine that was completely aliphatic and
mixed it with pyromellitic dianhydride (PMDA). This result evidenced the need for the highly
ordered, stiff backbones of conventional aromatic polyimides to maintain higher glass transition
temperatures. Our previous research showed that a broad range of tractable glass transition
temperatures can be reached through the introduction of 4,4'‐methylenebis (2,6‐dimethylaniline)
(MBDMA) into the backbone; the lowest glass transition temperature obtained was 22ºC and the
highest glass transition temperature reached was 101ºC [19]. The structure proposed provided the
option to broaden the glass transition range. The records we have obtained proves that polyimides
can have superior thermal properties through adequate aromaticity. The flexible component is
imparted into the polymer’s backbone through the addition of aliphatic monomers, such as
polyetheramines, that allows the increase in processability.
In addition to desirable glass transition temperatures and easy processability, many
applications require innovative materials that maintain suitable mechanical properties at room
temperature and have a low melt viscosity at elevated temperatures [25]. Different options to
improve the physical and chemical interactions of the independent chains and improve the
properties of a polymer are possible. These vary from the most extreme chemical crosslinking,
which turns the polymer into a thermoset, to the reversible physical crosslinking influenced by an
external factor. Kull et al. [26] had previously investigated the behavior of polyurethanes and their
interaction between the chains due to hydrogen bonding [27-29]. From their discoveries, they
showed the importance of the hydrogen-bond physical connection in the polyurethane and healing
properties after breakage. The properties of the urethane linkage can be transferred into a urea
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linkage. The terminal amine in the polyimide backbone allows one to explore a capping urea
linkage via the inclusion of an isocyanate on the capping moiety; of particular interest are those
containing a ureidopyrimidone group [25 30 31], creating a polyimide terminated with
ureidopyrimidone. Specifically, a urea linkage can be formed between the polyimide and a
terminal group formed via hexamethylene diisocyanate and one equivalence of 2-ureido-4[1H]pyrimidinone (UPy) [25 31 32], also connected through a urea linkage. This monovalent
monomeric unit is known to exhibit high association constants, adaptability, and exhibits thermoreversible behavior [25 32]. Thus, the incorporation is expected to provide structural support by
introducing four hydrogen-bonding sites (a potential supramolecular synthon) in the backbone [25
27 28 33 34]. In fact, Cao et al. utilized the inclusion of ureidopyrimidones as terminal linkers on
shorter aromatic polyimides [35] to simulate longer polyimides; the idea was to imitate the high
molecular weight, longer polyimides made using chemical bonds and mimicking some them by
replacing with a periodic physical hydrogen bond synthon [34]. This modification allows the
shorter chains to interact and appear long enough to perform like neat polyimides, but increases
the processability due to the lower molecular weight [25 35]. Utilizing aspects of both strategies
listed above, the approach taken in this project was to increase the interaction of the chains of the
flexible polyimides previously presented [19], though not decreasing the molecular weight
significantly.
The objective of the introduction of the UPy monomer is to maintain the lower processing
temperatures achieved with the aliphatic diamine and to increase the range of performance of the
thermomechanical properties. The thermal improvements can be seen as a large rubbery plateau
due to crystallinity [26 28], hydrogen bond reversible crosslinking [36], and high molecular weight
[37]. Hydrogen bonding also provides directionality, making the architecture of the polymer
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specific, and introduces self-healing properties [32 38]. The hydrogen bond could work as a
reversible crosslinker and incorporate novel properties [29 36 38 39]. These thermal properties
provide a large range of operational conditions for flexible materials. As mentioned above, when
polyimides have flexible backbones [19 24], their thermal transitions are lowered, and they lose
their valuable characteristics for which they are known for. The complement of hydrogen bonding
provides advantageous solvent resistance, garnering attention as thermally resilient thermoplastics.
Ultimately, our polyimides are designed to serve as functional thermoplastic materials,
which can be molded or extruded into shapes necessary for diverse uses, negating the need for the
highly-limiting thin-film polyamic acid casting methodology used with conventional PIs. The
introduction of a terminal UPy linker was made to influence the interaction and connection
between the chains. In contrast to other works [35], the increased molecular weight was acceptable
due to the previous modifications in the backbone [19] that gave the backbone the required
flexibility and processability. Furthermore, the glass transition temperatures and properties were
tuned by controlling the stoichiometric ratio of MBDMA to aliphatic polyetheramines along with
the molecular weight of the polyetheramine itself. Different stoichiometric ratios of UPy were
added to the synthesis. The terminal linker was incorporated to positively improve the polymer
properties and determine its saturation point. The polymers were characterized by GPC, FTIR,
NMR, thermomechanical and calorimetric analysis, tensile testing, and microhardness testing.

2.2. Materials and Methods
2.2.1. Materials
3,3',4,4'-Benzophenonetetracarboxylic dianhydride (BTDA), pyromellitic dianhydride
(PMDA), 4,4’-methylenebis (2,6-dimethylaniline) (MBDMA), and gamma-butyrolactone (GBL)
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were used as received and donated by BrightVolt, Inc. (Lakeland, FL) [40]. Jeffamine® D230
short polypropylene-oxide diamine (SPPO) and D400 long polypropylene-oxide diamine (LPPO)
were donated by Huntsman, Inc. (The Woodlands, TX). HPLC-grade tetrahydrofuran (THF),
pentane, 1,6-hexamethylenediisocyanate, and 2-amino-4-hydroxy-6-methyl-pyrimidine were used
as received from Sigma Aldrich. Narrow molecular weight polystyrene standards were purchased
from Fluka Analytical.

2.2.2. Methods
2.2.2.1. General Procedure for Polymerization:
The UPy monomer was synthesized in a one-step reaction by forming a solution consisting
of a six-fold excess of 0.60 mol of hexamethylene diisocyanate with 0.088 mol of 2-amino-4hydroxy-6-methyl-pyrimidine. For 24 hours, the solution was heated at 100°C. Then, the product
was washed with pentane and dried at 50°C [25].
After drying the UPy product, approximately 250 g of polyimide were synthesized via a
condensation reaction in a 1L four-necked glass reactor with a heating mantle, utilizing a
mechanical mixer with Teflon blades, a nitrogen line, a thermocouple, and a distillation head. In
the four-necked glass reactor, the dissolved mixture of diamines (MBDMA combined with
Jeffamine® D230 (SPPO) or Jeffamine® D400 (LPPO)) was added and mixed with the mechanical
stirrer. Then, the UPy monomer was added to the reactor. The mixture was warmed to 30°C for
20 minutes and nitrogen purged until it was completely homogenized. The dianhydride (BTDA or
PMDA) was first dissolved in GBL and then added to the reactor. Then, the temperature was
increased to 80°C. The mixture was kept at this temperature for 24 hr under a nitrogen atmosphere.
The mixture was vacuumed at 100ºC to extract the water formed as a by-product during the
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imidization of the polyamic acid. The product was oven cured at 200°C for 2 hours to completely
close the imide ring. And then the product dried in a vacuum oven at 100°C to remove moisture,
and excess solvent (Figure 2.1). Table 2.1 shows distinct stoichiometric ratios of Jeffamine ®, the
UPy monomer, MBDMA, PMDA, and BTDA that were used to synthesize the series of UPy
polyimides.
Table 2.1: Stoichiometric Formulations

Sample

Percent of UPy

PMDA

BTDA

MBDMA

PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12

0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%

0.50
0.50
0.50
0.50
N/A
N/A
N/A
N/A
0.50
0.50
0.50
0.50
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
0.50
0.50
0.50
0.50
N/A
N/A
N/A
N/A
0.50
0.50
0.50
0.50

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

D230
D400
(SPPO) (LPPO)
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A
0.40
N/A

UPy
0.00
0.01
0.03
0.05
0.00
0.01
0.03
0.05
0.00
0.01
0.03
0.05
0.00
0.01
0.03
0.05

18

Figure 2.1: Schematic Representation of the Polymerization of the Polyimides
2.2.2.2. Fourier Transform Infrared Spectroscopy/Attenuated Total Reflectance and
Proton Nuclear Magnetic Resonance
Thin film samples were prepared using a heated Carver hydraulic press. The films were
analyzed conducting 16 scans from 400-4000 cm-1 at room temperature using a Spectrum One FT-

19

IR (Perkin Elmer, USA) equipped with ATR. The resulting data was collected in reflection mode
and it was analyzed using Spectrum software [41 42].
Proton Nuclear Magnetic Resonance (1H NMR) spectra were collected using a Varian
Inova 400 spectrometer at the USF Interdisciplinary NMR Facility. All samples were recorded
with a spectral width of 6400 hertz using a standard proton pulse sequence for 1D proton NMR,
gCOSY, TOCSY, and NOESY experiments. Ten to twenty milligrams of each sample were
prepared in CDCl3 at 298 K. The data were processed using the VNMRj software. Chemical shifts
(δ) are reported in parts per million (ppm) relative to the residual protonated solvent signal as a
reference.
2.2.2.3. Gel Permeation Chromatography
Solutions with a concentration of 5 mg mL-1 were created by dissolving a specific amount
of each sample into tetrahydrofuran (THF) and filtered with 0.2 micron PTFE syringe filters. The
analysis of the polyimides was done on a PL gel 5 micron mixed-C column. The mobile phase was
HPLC grade THF with a rate of 0.5 mL min-1 at 25°C. Polystyrene narrow molecular weight
standards by Fluka, ranging from 1,180 to 1,170,000 MW, were used to calibrate a PL-50 GPC
(Agilent) with RI detector and PE LC200 chromatograph.

2.2.2.4. Thermogravimetric Analysis (TGA)
A 20mg sample from each polymer formulation was assayed for temperature stability with
a TGA Q50 (TA Instruments, USA) under nitrogen atmosphere. The samples were heated from
room temperature to 600ºC with a ramp rate of 10ºC min -1. The results were analyzed using TA
Universal Analysis software.
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2.2.2.5. Characterization of Glass Transition Temperature by Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA)
Differential Scanning Calorimetry (DSC). Analysis was carried out using a DSC 2920
differential scanning calorimeter (TA Instruments) over the temperature range of -30°C to 200°C.
Temperature was calibrated using an indium standard. The samples were cut and weighed; weights
ranged from 9 to 10 mg. Samples were first heated from room temperature to 200°C at 20°C min 1

, cooled to -30°C at 20°C min-1, and reheated to 200°C at 20°C min-1. The cycle processes were

used to erase thermal history due to sample preparation and storage. The results were analyzed
using TA Universal Analysis software and the second heating cycle was reported.
Dynamic mechanical analysis (DMA) was done on a Rheometer AR2000 with a
rectangular solid sample geometry. The samples (40 mm x 10 mm x 2 mm) were molded in a
heated Carver hydraulic press at approximately 170°C with quick cooling to room temperature
under 75 Mega Pascals. Isothermal strain sweeps were performed on the rectangular samples to
determine the linear viscoelastic regions (LVR) with an AR2000 rheometer (TA Instruments) at 50°C. The highest strain percent within the measured LVR was chosen to characterize the sample
with a temperature ramp in oscillation mode. Ramp conditions were -100°C to 300°C at 10°C min 1

and 1Hz with liquid nitrogen used for cooling. The information was collected in an AR2000

rheometer by TA Instruments using the TA Rheology Advantage software. Resulting data were
analyzed with TRIOS software available from TA Instruments.
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2.2.2.6. Dynamic Mechanical Analysis and Rheological Analysis for Activation Energy of T g
and Viscous Flow
Rectangular bars of 40 mm in length, 10 mm in width, and 2 mm in thickness were molded
in a Carver press. The samples were used to measure the activation energy of the polymer chains
near the glass transition temperature (Tgs). A time temperature superposition was made to calculate
the activation energy using a Williams Landel Ferry model [43] at a range of frequencies ranging
from 0.05 to 10Hz at constant temperatures below and above the T g of the sample (-20 to 150°C
in 5°C increments). Common temperatures of 30°C, 50ºC, and 120ºC were used to generate the
master curve of the samples to compare the activation energies. The information was collected
using an AR2000 rheometer from TA Instruments with an environmental test chamber equipped
with a torsion rectangular geometry using the TA Rheology Advantage software and analyzed with
TRIOS software.
Discs of 25 mm in diameter and 3 mm in thickness were molded in a Carver press. The
sample was used to measure the activation energy of the viscous flow. A time temperature
superposition was made to calculate the activation energy using an Arrhenius model. A range of
frequencies from 0.001 to 100Hz at constant temperatures above the T g of the sample (160 to
240°C in 10°C intervals) was selected. A minimum of five different temperatures was used to
create a master curve. Common temperatures of 120ºC and 190°C were used to create a master
curve of the samples to compare the influence of the UPy in the activation energies of viscous flow
and the zero-shear viscosities of the samples. The information was collected in an AR2000
rheometer with 25 mm ETC plates by TA Instruments using a TA Rheology Advantage software
and analyzed using TRIOS software.
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2.2.2.7. Microhardness and Shore A Hardness Testing
Discs of 25 mm in diameter and 3 mm in thickness were molded using a Carver press. The
sample was secured inside the LEICA VMHT MOT Micro-Hardness Instrument. A center point
was found, and the diamond indenter was used to mark a point on the sample. A load of 300 gf or
500 gf, for a measurement duration of 15 seconds, was applied for the indentation. Measurements
for each sample were taken at room temperature. The indentation was measured horizontally (D1)
and vertically (D2). A total of five indentations were measured per side of the sample. The Hv
value was calculated and recorded as an indication of sample softness or hardness.
Discs of 25 mm in diameter and 3 mm in thickness were also used to obtain the Shore A
hardness. Measurements were made using the Shore Instrument & MFG. CO., INC Durometer
type A (ASTM D2240) hardness tester (New York, USA). Six measurements were made on each
specimen on both sides of the disc to check reproducibility. Average and standard deviation were
calculated from the six readings.

2.2.2.8. Tensile Testing
Films with a thickness between 0.1 and 0.2 mm were made using a Carver press. An ASTM
D638 Type 5 die was used to cut the samples in the appropriate shape. Six dog-bone samples were
cut out of from each film and tested in the Shimadzu AGS-J. A 50N force transducer (Model SM50N-168) was used to test the samples. Each dog-bone was pulled at 25mm min -1. An average for
the six trials was reported in the results. The results were recorded and analyzed using TrapeziumX
Software.
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2.3. Results and Discussions
2.3.1. Infrared Spectroscopy and Proton Nuclear Magnetic Resonance
Complete imidization of the polyamic acid precursor and the formation of polyimides with
urea linkages, which were introduced by a UPy building block, was confirmed via FTIR
spectroscopy [44]. The stretching vibrations of the C=O of the amide at around 1655 cm −1 and
stretching vibrations of the carboxylic acid at around 3000-3400 cm −1 for the O-H from the
polyamic acid precursor disappeared, indicating that imide ring was completely closed.
Characteristic imide stretching vibrations were observed for the asymmetric and symmetric
carbonyl moiety at around 1771 cm−1 and 1714 cm−1 originating from the rings found in the
dianhydrides (PMDA or BTDA). Two peaks for the C-N moieties of the anhydride rings of the
imide were observed; the peak associated with the aniline group had a stretching vibration in the
range of 1373-1364 cm−1, while the C-N moieties of the Jeffamine® monomer had a lower
stretching vibration, which ranged from 1354-1338 cm−1. These peaks did not vary when the UPy
ratio was increased. Furthermore, there was a C-N vibrational bending peak from the amide group
in the backbone that ranged between 1540-1565 cm−1. The spectra also indicated C-O stretching
vibrations from the ether of the Jeffamines® (D230 (SPPO) or D400 (LPPO)) between the range
of 1088 -1097 cm−1 and a C=O bending vibration between 726-730 cm −1 from the imide of every
sample. The presence of urea linkages was confirmed with peaks observed in the range of 34233478 cm−1. Regardless of the dianhydride monomer used, the PI-UPy hybrids consisting of
Jeffamine® D400 (LPPO) had higher peaks than the PI-UPy hybrids consisting of Jeffamine ®
D230 (SPPO). The stretching vibrations of the urea moieties of the PI-UPy hybrids derived from
Jeffamine® D400 (LPPO) were constant as the ratio of urea was increased; however, the PIUPy hybrids that had the Jeffamine® D230 (SPPO) monomer displayed stretching vibrations that
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increased as the ratio of urea increased. The addition of the BTDA monomer was confirmed with
the additional peak for the ketone C=O stretching at around 1670 cm -1 and the aromatic C=C
stretching peaks at around 1484-1452 cm−1 that were higher than the aromatic C=C of the PMDA
monomer, which lacks an C=O functional group. The peaks and regions that correspond to the
functional groups are presented below (Figure 2.2 to Figure 2.5):
PMDA/LPPO
PI-1: ATR-IR (cm−1): 1771 cm−1 (asymmetric stretching C=O), 1714 cm−1 (symmetric stretching
C=O), 1372-1354 cm−1 (C-N stretching), 1300 cm−1 (C-O stretching), 1264 cm−1 (C-O stretching),
1095 cm−1 (C-O stretching), and 730 cm−1 (C=O bending).
PI-UPy 1: ATR-IR (cm−1): 3474 cm−1 (N-H free stretching), 1771 cm−1 (asymmetric stretching
C=O), 1714 cm−1 (symmetric stretching C=O), 1565 cm−1 (C-N mixed with N-H bending), 13721354 cm−1 (C-N stretching), 1300 cm−1 (C-O stretching), 1264 cm−1 (C-O stretching), 1095 cm−1
(C-O stretching), and 730 cm−1 (C=O bending).
PI-UPy 2: ATR-IR (cm−1): 3474 cm−1 (N-H free stretching), 1771 cm−1 (asymmetric stretching
C=O), 1714 cm−1 (symmetric stretching C=O), 1565 cm−1 (C-N mixed with N-H bending), 13721353 cm−1 (C-N stretching), 1300 cm−1 (C-O stretching), 1264 cm−1 (C-O stretching), 1095 cm−1
(C-O stretching), and 730 cm−1 (C=O bending).
PI-UPy 3: ATR-IR (cm−1): 3474 cm−1 (N-H free stretching), 1771 cm−1 (asymmetric stretching
C=O), 1714 cm−1 (symmetric stretching C=O), 1565 cm−1 (C-N mixed with N-H bending), 13721354 cm−1 (C-N stretching), 1300 cm−1 (C-O stretching), 1264 cm−1 (C-O stretching), 1094 cm−1
(C-O stretching), and 730 cm−1 (C=O bending).
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BTDA/LPPO
PI-2: ATR-IR (cm−1): 1772 cm−1 (asymmetric stretching C=O), 1709 cm−1 (symmetric stretching
C=O), 1671 cm−1 (ketone C=O stretching), 1367-1339 cm−1 (C-N stretching), , 1294 cm−1 (C-O
stretching), 1247 cm−1 (C-O stretching), 1095 cm−1 (C-O stretching), and 728 cm−1 (C=O bending).
PI-UPy 4: ATR-IR (cm−1): 3472 cm−1 (N-H free stretching), 1772 cm−1 (asymmetric stretching
C=O), 1709 cm−1 (C=O symmetric stretching), 1670 cm−1 (ketone C=O stretching), 1540 cm−1 (CN mixed with N-H bending), 1366-1339 cm−1 (C-N stretching), 1293 cm−1 (C-O stretching), 1247
cm−1 (C-O stretching), 1094 cm−1 (C-O stretching), and 727 cm−1 (C=O bending).
PI-UPy 5: ATR-IR (cm−1): 3472 cm−1 (N-H free stretching), 1772 cm−1 (asymmetric stretching
C=O), 1709 cm−1 (symmetric stretching C=O), 1670 cm−1 (ketone C=O stretching), 1540 cm−1 (CN mixed with N-H bending), 1366-1339 cm−1 (C-N stretching), 1293 cm−1(C-O stretching), 1247
cm−1 (C-O stretching), 1094 cm−1 (C-O stretching), and 727 cm−1 (C=O bending).
PI-UPy 6: ATR-IR (cm−1): 3472 cm−1 (N-H free stretching), 1772 cm−1 (asymmetric stretching
C=O), 1709 cm−1 (symmetric stretching C=O), 1669 cm−1 (ketone C=O stretching), 1540 cm−1 (CN mixed with N-H bending), 1366-1339 cm−1 (C-N stretching), 1293 cm−1 (C-O stretching), 1247
cm−1 (C-O stretching), 1093 cm-1 (C-O stretching), and 727 cm−1 (C=O bending).
PMDA/SPPO
PI-3: ATR-IR (cm−1): 1770 cm−1 (asymmetric stretching C=O), 1711 cm−1 (symmetric stretching
C=O), 1456 cm−1 (Ar-C=C stretching), 1373-1352 cm−1 (C-N stretching), 1263 cm−1 (C-O
stretching), 1097 cm−1 (C-O stretching), and 729 cm−1 (C=O bending).
PI-UPy 7: ATR-IR (cm−1): 3423 cm−1 (N-H free stretching), 1770 cm−1 (asymmetric stretching
C=O), 1712 cm−1 (symmetric stretching C=O), 1565 cm−1 (C-N mixed with N-H bending), 1456
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cm−1 (Ar-C=C stretching), 1373-1351 cm−1 (C-N stretching), 1260 cm−1 (C-O stretching), 1088
cm−1 (C-O stretching), and 729 cm−1(C=O bending).
PI-UPy 8: ATR-IR (cm−1): 3478 cm−1(N-H free stretching), 1770 cm−1 (asymmetric stretching
C=O), 1712 cm−1 (symmetric stretching C=O), 1565 cm−1 (C-N mixed with N-H bending), 1456
cm−1 (Ar-C=C stretching), 1373-1352 cm−1 (C-N stretching), 1265 cm−1 (C-O stretching), 1095
cm−1(C-O stretching), and 729 cm−1(C=O bending).
PI-UPy 9: ATR-IR (cm−1): 3475 cm−1 (N-H free stretching), 1770 cm−1 (asymmetric stretching
C=O), 1712 cm−1 (symmetric stretching C=O), 1565 cm−1 (C-N mixed with N-H bending), 1456
cm−1 (Ar-C=C stretching), 1373-1352 cm−1 (C-N stretching), 1265 cm−1 (C-O stretching), 1095
cm−1 (C-O stretching), and 729 cm−1(C=O bending).
BTDA/SPPO
PI-4 ATR-IR (cm−1): 1773 cm−1 (asymmetric stretching C=O), 1706 cm−1 (symmetric stretching
C=O), 1671 cm−1 (ketone C=O stretching), 1483-1452 cm−1 (Ar-C=C stretching), 1364 cm-1 (C-N
stretching), 1292-1248 cm−1 (C-N stretching), 1090 cm−1 (C-O stretching), and 726 cm−1 (C=O
bending).
PI-UPy 10: ATR-IR (cm−1): 3464 cm−1 (N-H free stretching), 1771 cm−1 (asymmetric stretching
C=O), 1706 cm−1 (symmetric stretching C=O), 1668 cm−1 (ketone C=O stretching), 1551 cm−1 (CN mixed with N-H bending), 1484-1455 cm−1 (Ar-C=C stretching), 1366-1338 cm-1 (C-N
stretching), 1293-1246 cm−1 (C-N stretching), 1095 cm−1 (C-O stretching) and 727 cm−1 (C=O
bending).
PI-UPy 11: ATR-IR (cm−1): 3472 cm−1 (N-H free stretching), 1770 cm−1 (asymmetric stretching
C=O), 1707 cm−1 (symmetric stretching C=O), 1669 cm−1 ( ketone C=O stretching), 1551 cm−1 (CN mixed with N-H bending), 1484-1456 cm−1 (Ar-C=C stretching), 1366-1339 cm-1 (C-N
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stretching), 1293-1246 cm−1 (C-N stretching), 1096 cm−1 (C-O stretching), and 727 cm−1 (C=O
bending).
PI-UPy 12: ATR-IR (cm−1): 3472 cm−1 (N-H free stretching), 1770 cm−1 (asymmetric stretching
C=O), 1707 cm−1 (symmetric stretching C=O), 1669 cm−1 (ketone C=O stretching), 1551 cm−1 (CN mixed with N-H bending), 1484-1456 cm−1 (Ar-C=C stretching), 1367-1339 cm-1 (C-N
stretching), 1293-1247 cm−1 (C-N stretching), 1094 cm−1 (C-O stretching), and 727 cm−1 (C=O
bending).
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Figure 2.2: IR Samples of PI-UPy Containing PMDA/D400
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Figure 2.3: IR Samples of PI-UPy Containing BTDA/D400
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Figure 2.5: IR Samples of PI-UPy Containing BTDA/D230
The proton NMR in Figure 2.6 confirms the synthesis of ureidopyrimidone according to
Folmer et al. [25] (IR Figure A1 and MP.215ºC Figure A2). The absence of an NCO peak in the
2200 cm-1 region of the IR also indicates that the desired monomer was incorporated into the
polymer. The thermal and mechanical results present supporting information about the
incorporation and influence of the ureidopyrimidone linker.
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Figure 2.6: 1H NMR Spectra of the Synthetic UPy Building Block
2.3.2. Gel Permeation Chromatography
Gel permeation chromatography (GPC) data were obtained and yielded weight-average
molecular weights (Mw), ranging from approximately 16,000 to 71,000 Da, number-average
molecular weights (Mn) ranging from approximately 7,000 to 28,000 Da, and polydispersity
indices (Mw/Mn) ranging from 1.87 to 3.07 (Table 2.2 and Figure 2.7 to Figure 2.14). The samples
PI-UPy 8 and PI-UPy 9 had noticeably lower Mw and Mn than the other averages. The sample
names corresponding to the experiment number are shown in Table A1.
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Figure 2.7: Chromatogram of sample samples of PI-UPy containing PMDA/D400
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Figure 2.8: Molecular weight distribution of samples of PI-UPy containing PMDA/D400
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Figure 2.9: Chromatogram of sample samples of PI-UPy containing BTDA/D400

Figure 2.10: Molecular weight distribution of samples of PI-UPy containing BTDA/D400
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Figure 2.11: Chromatogram of sample samples of PI-UPy containing PMDA/D230

Figure 2.12: Molecular weight distribution of samples of PI-UPy containing PMDA/D230
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Figure 2.13: Chromatogram of sample samples of PI-UPy containing BTDA/D230

Figure 2.14: Molecular weight distribution of samples of PI-UPy containing BTDA/D230
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Table 2.2: Molecular Weight Characterization of Polymers.
Sample
PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12

Percent of UPy
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%

Mw
44238
70755
43965
29801
56080
65097
69903
65492
49310
27710
16267
17755
38511
43466
46896
30669

Mn
20732
28040
20383
14496
25282
27831
22736
24862
22271
14848
7380
7868
18496
18278
21144
14158

PDI
2.1338
2.5234
2.1569
2.0558
2.2182
2.339
3.0746
2.6342
2.2141
1.8662
2.2042
2.2566
2.0821
2.3781
2.2179
2.1662

2.3.3. Thermogravimetric Analysis
The thermal stability and residual solvent retention of the polyimides were evaluated by
TGA measurements under a nitrogen atmosphere. The thermograms of the PIs containing the
LPPO are shown in Figure 2.15 and the thermograms of the PIs containing the SPPO are shown
in Figure 2.16. The corresponding temperature at 5% weight loss and the onset temperature are
reported in Table 2.3. The minimal loss of mass in the 205ºC region shows that the polymers were
cured and dried (Figure 2.15 and Figure 2.16). The diamine monomers and the gamma
butyrolactone solvent used in processing both have boiling points in the 205ºC region.
The stability at the onset temperature represents the change in temperature stability of the
polymer with the different concentrations of UPy and its behavior in the polymer chain interaction.
Established polyimides have characteristically high temperature stability [6 7 13] as their backbone
is linear, well-ordered, rigid, and aromatic. The polyimides synthesized in this research exhibit
thermal onset stabilities that decrease as the glass transition temperatures decrease.
36

The main variation in all the series comes from the addition of a terminal UPy linker that
can interact to form four hydrogen bond links and connect the chains in series (essentially,
mimicking the lengthening of the chains). Aromatic polyimides are recognized for having high
thermal stability, but when the aromaticity is lessened with the incorporation of aliphatic
monomers, the temperature stability decreases [19 24]. Though the addition of UPy to these sets
of flexible polyimides does not increase aromaticity or rigidity, per se, its ability to allow the
connection of the chains in series could increase the entanglement of the chains, which can also
increase the temperature stability. In fact, the temperature stability surpassed the 320ºC mark for
all the samples tested (Figure 2.15 and Figure 2.16). The values ranged from 322ºC to 371ºC (Table
2.3). When comparing the dianhydride portion of the polyimide the samples with BTDA had a
higher Td than the samples with PMDA. This is due to the extra aromatic ring in BTDA.
The other changed component was the aliphatic diamine. The influence this monomer has
on the temperature stability is due to its length. The longer the aliphatic diamine (Jeffamine ® D400
(LPPO)), the more flexible and the lower the temperature stability is as compared to the shorter
the aliphatic diamine (Jeffamine® D230 (SPPO)), which makes the chains more rigid and closer
between the aromatic components, increasing the temperature stability. The percentage of UPy in
the sample never surpassed five percent, which does not make it a major component of the chain
but could have minor influence in the behavior of the polymer. Overall, the neat sample and the
samples containing UPy have Td values within a 10ºC range except for PI-UPy 8 that could be due
to low molecular weight. The influence of the UPy does not compromise the temperature stability
of the polymer, and in some cases, it can be improved (Figure 2.15 and Figure 2.16). The results
of the four different series were: first, the PMDA/D400 (LPPO) had a range from 328ºC to 354ºC
and the content of UPy had a positive influence; second, the BTDA/D400 (LPPO) had a range
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from 350ºC to 359ºC and the UPy had a minimal effect in the overall stability; third, the
PMDA/D230 (SPPO) had a range 322ºC to 352ºC and the UPy had a negative influence that could
also be related to the low molecular weight (Table 2.2); and finally, the BTDA/D230 (SPPO) had
a range from 348ºC to 371ºC and the UPy had a positive effect until it reached the saturation point
for the 5% sample (Table 2.3).The decomposition temperature (T d) was above 320ºC for every
formulation, verifying that the polymers were cured and dried.

Figure 2.15: Thermogram of Polyimide-UPy Based on PMDA/D400 and BTDA/D400
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Figure 2.16: Thermogram of Polyimide-UPy Based on PMDA/D230 and BTDA/D230
The polymer has three variations: the content of UPy, the length of the aliphatic diamine
and the number of rings in the aromatic dianhydride. All three have different effects on the
structure and behavior of the final polymer. Molecular weight is one of the factors affected by the
UPy content, which can see the different effects in the glass transition temperature and the thermal
stability of the polymer. The temperature stability provided by TGA testing also allowed the
determination of appropriate temperature range selections for dynamic mechanical analysis and
differential scanning calorimetry.
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Table 2.3: Onset Temperature and 5% Loss
Sample

Percent of UPy

PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12

0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%

Temperature at 5%
loss (Td)
328.38
340.98
354.51
331.21
356.42
350.64
356.30
359.08
352.77
347.15
322.86
351.61
366.82
362.96
371.82
348.52

Temperature at
Onset Point (ºC)
357.25
368.76
368.66
361.94
355.25
366.55
365.55
367.72
373.95
369.24
381.72
369.43
379.77
377.63
396.89
385.31

2.3.4. Characterization of Glass Transition Temperature by Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA)
The glass transition temperature (Tg) was measured by two different techniques, dynamic
mechanical analysis (DMA) (Figure 2.17, Figure 2.18, Figure 2.20, Figure 2.21, Figure 2.22, 24
and 25) and differential scanning calorimetry (DSC) (Figure 2.19 and Figure 2.23). The different
techniques allowed a detailed characterization of this important transition. The T g in the DSC
manifests as a step decrease in the heat capacity of the polymer and will be defined here as the
midpoint of the curve between the original baseline heat capacity and the resulting heat capacity
(Figure 2.19 and Figure 2.23). In the DMA (Figure 2.17, Figure 2.18, Figure 2.20, Figure 2.21,
Figure 2.22, Figure 2.24 and Figure 2.25), the Tg was taken from the peak of the alpha transition
from the loss modulus G” and the tan . At the three different temperatures, the polymer long chain
segmental motion is measured by a change in the baseline of the DSC, while in DMA it is measured
by an increase in the loss modulus before a large drop, and finally an increase in the tan

close to
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one in the ratio of the loss modulus to the storage modulus. In this set of series, the main variation
is the addition of an ureidopyrimidone (UPy) to study the contribution to polyimides to have lower
transition temperatures and still perform as robust polyimides.
The Tgs of these polyimides are dominated by the size of the aliphatic diamine. The shorter
Jeffamine® D230 (SPPO) has a higher Tg from DSC, in the range from 77ºC to 105ºC, while the
longer Jeffamine® D400 (LPPO) has a lower Tg from DSC, from the range of 2ºC to 51ºC (Table
2.4). The sample containing BTDA had a marginally higher T g compared to the PMDA samples,
which is due to the extra ring in the dianhydride. The temperatures change among the samples due
to the incorporation of the UPy unit. This unit is a terminal monomer that has two hydrogen bond
donors and two acceptors. The objective of the terminal UPy is to connect the chains in series and
elongate their structure. UPy has been introduced to make low molecular weight polymers that
have a robust structure [35]. In the case of polyimides, the low molecular weight helps lower the
glass transition, which allows processability, but the combination with the UPy helps to keep some
of the original characteristics. In this trial, the opposite approach was taken because the polyimides
used had lower thermal transitions, but the structural properties could be improved to match some
engineering polyimides. The neat polyimide in each series has a lower transition compared to the
polyimides that have the addition of UPy. The extended chains allow for more entanglement,
which in consequence diminishes the movement of the chains and requires a higher transition
temperature.
The different techniques used to obtain the glass transition temperature follow the same
pattern in each series and an overall general trend with respect to the addition of the UPy. The
glass transition temperature incremented until the UPy seemed to reach a level of saturation that
no longer contributed to the properties of the sample. The effect of this saturation is also seen in
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the molecular weight build up, which becomes an important factor. Due to sample preparation
issues, two samples in the PMDA/D230 (SPPO) series could not be molded for a single frequency
temperature ramp to obtain the transition temperatures. Time temperature superposition (TTS) was
used to obtain the portion of the graph where the glass transition occurs (Figure 2.18, Figure 2.21,
Figure 2.22, and Figure 2.25). The polymer behavior can be modeled by different frequencies and
different temperatures. At a lower temperature, the polymer has a higher storage modulus G’ due
to the minimum movement of the chains; this was also represented at higher frequencies where
the time frame does not allow for chain movement. On the other hand, high temperatures can be
compared to lower frequencies and the increase of movement in the polymer chains. The glass
transition temperature relative to the TTS plot was reported for all the samples. The loss modulus
G” and the loss factor tan

are both a function of temperature. The peak in the loss modulus G”

appears first in the DMA glass transition range and then the peak in tan

or loss factor, because it

requires a large decrease of the storage modulus G’. The values obtained from a single frequency
temperature ramp are comparable to the Tg obtained from TTS, which allows us to obtain and
verify the glass transition temperature. The temperatures obtained are within a 5ºC range (Table
2.4). The broad range of glass transition temperatures provides an expansive set of characteristics
due to the different types of modifications. The effects of the terminal UPy not only affects the
transition, but it also affects the activation energy required for the transition to take place.
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Figure 2.17: Glass transition temperature of PMDA/D400 series (1=G’, 2=G” and 3=Tan )

Figure 2.18: Glass transition temperature of PMDA/D400 series TTS (1=G’, 2=G” and 3=Tan )
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Figure 2.19: Glass transition temperature of D400 series from DSC

Figure 2.20: Glass transition temperature of BTDA/D400 series(1=G’, 2=G” and 3=Tan )
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Figure 2.21: Glass transition temperature of BTDA/D400 series TTS (1=G’, 2=G” and 3=Tan )

Figure 2.22: Glass transition temperature of PMDA/D230 series TTS (1=G’, 2=G” and 3=Tan )
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Figure 2. 23: Glass transition temperature of D230 series from DSC

Figure 2.24: Glass transition temperature of BTDA/D230 series (1=G’, 2=G” and 3=Tan )
46

Figure 2.25: Glass transition temperature of PMDA/D230 series TTS (1=G’, 2=G” and 3=Tan )
Table 2.4: Glass Transition Temperature
Sample

Percent
of UPy

PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12

0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%

Tg from
tan
(°C)
17.58
27.01
35.31
30.17
22.29
36.97
51.59
55.13
77.45
N/A
N/A
97.00
69.24
94.31
93.58
102.23

Tg from
G” (°C)
5.74
8.67
18.46
8.91
3.51
15.48
27.18
10.42
59.47
N/A
N/A
70.02
49.17
74.21
66.87
80.57

TTS Tg
from tan
(°C)
16.05
28.72
32.89
31.27
25.07
46.24
50.19
55.21
82.68
108.98
98.33
99.59
84.62
100.64
99.55
108.36

TTS Tg
from G”
(°C)
-1.90
8.79
8.89
3.31
-0.94
26.25
29.61
31.60
62.78
86.18
78.76
79.99
61.91
85.80
80.56
89.14

Tg from
DSC
(°C)
7.62
17.13
22.94
2.18
6.15
17.53
50.91
48.63
77.03
96.73
89.51
94.33
78.13
91.16
96.91
105.37

Storage
Modulus
at -50ºC
1.09E+09
1.29E+09
1.05E+09
1.09E+09
1.31E+09
2.27E+09
2.20E+09
2.16E+09
1.43E+09
N/A
N/A
1.59E+09
1.92E+09
2.06E+09
1.67E+09
1.73E+09
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2.3.5. Dynamic Mechanical Analysis and Rheological Analysis for Activation Energy of T g
and Viscous Flow
Dynamic mechanical analysis was performed on rectangular solid samples under linear
viscoelastic (LVE) strains determined from isothermal strain sweeps. Frequency sweeps at a
constant temperature under these LVE-determined strains yielded transitions with a frequency
dependent increases of storage modulus G’ and loss modulus G”. Different temperatures, starting
below the glass transition until the sample lost its structure, were used to determine a broad range
of storage modulus G’ and loss modulus G” at different temperatures and frequencies. The
behavior of all the samples was common by having a large storage modulus G’ close to 10 9 Pa
when the temperature was below the Tg and the frequency was on the upper region of the
measurement (Figure 2.17, Figure 2.20, Figure 2.24 and Figure 2.25). At the end of the experiment,
the moduli dropped three to four orders of magnitude close to 10 5 Pa; this was achieved at low
frequencies and higher temperatures.
The study of the activation energy of polymer chains in the region of the glass transition
temperature was conducted using time temperature superposition (TTS) and the Williams Landel
Ferry (WLF) plot [43]. A common reference temperature, in the viscoelastic region of the single
frequency temperature ramp, was selected. The reference temperature is typically situated between
the glass transition temperature and Tg +100°C since this interval is valid to apply to the WLF
model [43]. The temperatures were as follows 30ºC for the PMDA/D400 (LPPO) series, 50ºC for
the BTDA/D400 (LPPO) series, and 120ºC for the PMDA/D230 (SPPO) and BTDA/D230 (SPPO)
series (Table 2.5). The TTS plot allows the creation of a master curve for each polymer
composition (Figure 2.26). This goes in combination with the WLF plot that plots the shift factor
aT with respect to temperature (Figure 2.27 to Figure 2.30). From the fitting of the curve using the
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WLF equation (1) it is possible to obtain the C1 (B/2.303ƒg) and C2 (ƒg/αƒ) material constants,
where ƒg is the free volume coefficient at the glass transition temperature and α ƒ the thermal free
volume expansion coefficient [37 45 46] (Figure 2.27 to Figure 2.30).
(1)

𝐿𝑜𝑔(𝑎 ) =

−𝐶 (𝑇 − 𝑇 )
𝐶 + (𝑇 − 𝑇 )

Then the C1 and C2, are used in equation (2), which includes R for the universal gas
constant, T for the temperature, and Tg for the glass transition temperature to determine the
activation energies; all the temperatures are in Kelvin.
(2)

∆𝐸 = 2.303

𝐶
𝐶

𝑅𝑇

The activation energy of Tg of most of the neat samples was lower than the samples that
contained UPy, which indicated that the introduction of H-bonds increased the activation energy
of Tg by connecting the chains in series. The results presented in Table 2.5 show that C1 constants
varied from 7.9 to 40.0, C2 constants ranged from 76.7 to 276.91K and the activation energies from
179.9 to 615.8 kJ/mol (Table 2.5). Originally C1 and C2 were thought to be universal constants of
17.4 and 51.6 [37 45], but later it was shown that it varies from polymer to polymer. Since a
common temperature was used to compare the activation energy of polymer chains near the T g,
the values of C1 and C2 differ from the universal constants for the polymers. The ratio of C1 over
C2 is related to the activation energy as the value increases the activation energy and T g both
increase.
The two flexible diamines were a factor that needed some consideration: Jeffamine ® D400
(LPPO) was more flexible and therefore it had a lower T g and overall lower activation energies;
Jeffamine® D230 (SPPO) was more constrained in the polymer, since it is shorter and closer to the
aromatic ring, and had a higher Tg and overall higher activation energies. A similar trend was also
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apparent in the dianhydrides: the extra aromatic ring in the BTDA compared to the PMDA,
increased Tg and overall activation energies while keeping everything else unchanged. The
molecular weight of the sample can affect the Tg and by consequence the activation energy due to
not reaching a critical entanglement point. The backbone contributed to a change in activation
energy, but the main purpose was the impact of the UPy linker added to the polymer. This terminal
monomer connects the chains in series to help minimize the effect of low molecular weight. The
activation energy is related to the Tg; therefore, with a high glass transition temperature, the
activation energy needed to promote the slippage of the main chains needs to be greater. The
overall patterns of the samples are shown below:
PI-1 (0%) < PI-UPy 1 (1%) < PI-UPy 3 (5%) < PI-UPy 2 (3%) [D400 (LPPO) and PMDA]
PI-2 (0%) < PI-UPy 5 (3%) < PI-UPy 4 (1%) < PI-UPy 6 (5%) [D400 (LPPO) and BTDA]
PI-3 (0%) < PI-UPy 8 (3%) < PI-UPy 7 (1%) < PI-UPy 9 (5%) [D230 (SPPO) and PMDA]
PI-UPy 11 (3%) < PI-UPy 12 (5%) < PI-4 (0%) < PI-UPy 10 (1%) [D230 (SPPO) and
BTDA]
The activation energy is related to multiple factors that interfere with the movement of the
chains and prevent their slippage. The different elements show constructive interference in the
behavior of the activation energy of Tg. While this information is vital for the behavior of the
material, most polymers are processed in a viscous form. Polyimides tend to have high thermal
transitions and sometimes decompose before their rheological properties can be studied. The lower
transitions of these UPy series allow the characterization of the viscous flow and the required
activation energy.

50

TTS
XP0199
30C
Master
Curve
TTS
PI-UPy2
Master
Curve

Figure 2.26: Activation Energy of Glass Transition Temperature PI-UPy 2 master curve

Figure 2.27: Activation Energy of Glass Transition Temperature PMDA/D400
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Figure 2.28: Activation Energy of Glass Transition Temperature BTDA/D400

Figure 2.29: Activation Energy of Glass Transition Temperature PMDA/D230
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Figure 2.30: Activation Energy of Glass Transition Temperature BTDA/D230
Table 2.5: Activation Energy of Glass Transition Temperature

Sample

Percent of
UPy

C1

PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12

0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%

7.85
13.03
15.96
16.96
14.30
15.75
14.90
19.59
9.98
32.78
19.15
39.99
28.99
37.25
18.51
16.92

C2 (K)

Reference
Temperature
(K)

R2

76.75
85.23
97.07
108.07
141.28
102.46
97.71
111.35
128.66
238.20
167.48
276.91
250.72
179.03
172.77
150.46

303.15
303.15
303.15
303.15
323.15
323.15
323.15
323.15
393.15
393.15
393.15
393.15
393.15
393.15
393.15
393.15

0.9978
0.9990
0.9971
0.9984
0.9992
0.9991
0.9988
0.9983
0.9984
0.9959
0.9927
0.9959
0.9980
0.9922
0.9937
0.9966

Activation
Energy of
Tg
(kJ/mol)
179.94
268.96
289.39
276.18
202.36
307.30
304.99
351.78
229.50
407.28
338.47
427.40
342.17
615.83
317.06
332.87
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TTS XP0177 120 C Master Curve

TTS PI-1 Master Curve

Figure 2.31: Activation Energy of Viscous Flow Master Curve PI-1

Figure 2.32: Zero Shear Viscosity of PMDA/D400

54

Figure 2.33: Zero Shear Viscosity of BTDA/D400

Figure 2.34: Zero Shear Viscosity of PMDA/D230
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Figure 2.35: Zero Shear Viscosity of BTDA/D230

Figure 2.36: Activation Energy of Viscous Flow PMDA/D400
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Figure 2.37: Activation Energy of Viscous Flow BTDA/D400

Figure 2.38: Activation Energy of Viscous Flow PMDA/D230
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Figure 2.39: Activation Energy of Viscous Flow BTDA/D230
Polymers are processed using different techniques [47-50] to mold them into their final
shape. The viscosity of the sample dictates the set of parameters required for each method [49].
The viscosity of a material is influenced by other factors like shear rate, temperature, molar mass,
or an external influence like a solvent. Rheological studies are required to study the polymer
characteristics to find the appropriate parameters to be processed. Equation (3) was used by the
Trios software to calculate activation energy where log(aT) is the shift factor, Ea is the activation
energy, R is the universal gas constant, T0 is the initial temperature in Kelvin and T is the
temperature in Kelvin [26].
(3)

2.303 log(𝑎 ) = −

𝐸 1 1
−
𝑅 𝑇
𝑇
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The Vogel-Fulcher-Tammann type equation (4) was used to fit the temperature dependence
of dynamic viscosity with given for constants, 𝐴0, and, 𝑇0 [51]. It is then simplified to the equation
(5) to obtain Ea.
(4)

ln(𝜂) = ln(𝐴 ) +

(5)

𝐸
1
(
)
𝑅 𝑇−𝑇

𝑆𝑙𝑜𝑝𝑒 = 𝑇 ∗ =

𝐸
𝑅

The viscosity of the polyimides synthesized was subjective to the incorporation of the UPy
onto the backbone (Figure 2.32 to Figure 2.35). Therefore, the connection of the chains in series
has an effect in the viscosity. The change from the introduction of the physical bond in the dimer
that the UPy linkage creates shows an increase in the zero-shear viscosity at 120ºC for the samples
containing the long polypropylene oxide diamine and 190ºC for the samples containing the short
polypropylene oxide diamine. The two different temperatures were selected to be above the T g and
below the Td. The results from the rheological studies show the activation energy obtained by a
time temperature superposition master curve, using an Arrhenius model (Figure 2.36 to Figure
2.39). The activation energy shows the behavior of UPy terminal groups and the effect of the extra
four hydrogen bond linkages (Table 2.6). The overall pattern shows a consistent trend of positive
interference in the activation energy with the inclusion of the UPy terminal linker. The results in
Table 2.6 illustrate the behavior and confirm the interaction of the UPy in the sample, which
connects the chains in series to allow them to appear longer. The zero-shear viscosity will be
related to the molecular weight of the samples and show that even if the four hydrogen bonds are
beneficial for the sample, they can separate more easily and will not outperform a chemical bond.
Only the PI-UPy3 sample did not have a Newtonian region in the viscosity plot, so a zero-shear
plateau was not possible to obtain using the Cox-Merx relation and the Carreau-Yasuda model
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(Figure 2.32 to Figure 2.35). All the samples showed a shear thinning behavior regularly seen in
polymers.
Extrusion molding is one of the common techniques used during the processing of polymer
samples. This technique requires a viscosity of about 1000 Pa.s [49]. From the results, the
polyimides show that they can be processed above their Tg and below the Td. The external factors
like shear rate and temperature will need to be set for the technique to work appropriately. The
inclusion of the UPy linkers appears to work in favor of holding the chains together, but with the
appropriate thermal energy, they can disconnect and reduce the energy required for the molding
process.
Table 2.6: Ea of Viscous Flow and Zero Shear Viscosity

Sample

Percent of
UPy

Temperature
(ºC)

PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12

0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%

120
120
120
120
120
120
120
120
190
190
190
190
190
190
190
190

Activation
Energy of
Viscous Flow
(kJ/mol)
95.21
126.82
122.22
113.08
50.24
86.99
125.30
127.19
142.23
197.63
212.82
170.37
166.87
228.85
129.31
166.51

Zero Shear Viscosity
(Pa.s)
1,146
53,278
4,219
9,402
7,124
19708
58788
155854
850
1,391
91
210
2,433
2,704
1,187
3,658
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2.3.6. Microhardness
25mm discs were indented multiple times on both sides of the sample to account for any
morphological differences during the sample preparation. A load of 500gf was used as the
indentation force to mark the samples and obtain a diamond shape pattern that was measured to
obtain the Vickers hardness and the values were calculated using equation (6). A Shore A indenter
was used to dent the samples and obtain the Shore A hardness. The results of the indentations are
presented in Table 2.7 for Vickers hardness and Table 2.8 for Shore A [52].

(6)

𝐻𝑉 =

136°
2 ≈ 1.854 𝐹
𝑑
𝑑

2𝐹𝑠𝑖𝑛

Table 2.7: Vickers Hardness of Polyimide UPy Composites
Sample
PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12

Percent of
UPy
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%
0%
1%
3%
5%

d1

d2

HV (kgf/mm2)

N/A
N/A
N/A
N/A
N/A
N/A
256.19 ± 6.14
299.17± 8.14
248.6 ± 4.93
243.17 ± 5.04
232.39 ± 4.54
235.8 ± 3.60
196.96 ± 5.76
206.89 ± 3.91
210.96 ± 3.55
201.03 ± 3.30

N/A
N/A
N/A
N/A
N/A
N/A
256.49 ± 9.12
297.79± 5.16
249.4 ± 1.43
238.03 ± 5.38
235.2 ± 5.97
234.1 ± 4.50
198.21 ± 4.72
210.31 ± 4.69
212.25 ± 6.71
199.84 ± 3.40

N/A
N/A
N/A
N/A
N/A
N/A
14.14 ± 0.60
10.42 ± 0.34
14.97 ± 0.33
15.99 ± 0.26
16.99 ± 0.47
16.8 ± 0.30
23.77 ± 0.82
21.32 ± 0.49
20.75 ± 0.88
23.08 ± 0.14
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Vickers Hardness vs. Percentage of UPy
Vickers Hardness (kgf/mm2)

26
24
22
20
18
16
14
12
10
0

1

2
3
Percentage of UPy

D230/PMDA Vickers Hardness (kgf/mm2)

4

5

D230/BTDA Vickers Hardness (kgf/mm2)

D400/BTDA Vickers Hardness (kgf/mm2)

Figure 2.40: Vickers Hardness of Polyimide UPy Composites
Overall, the hardness is determined by the organized packing of the chains. The main
variation of the samples was the addition of the UPy, the size of the dianhydride, and the length of
the aliphatic diamine. Overall, those samples with the low molecular weight Jeffamine ® D230
(SPPO) show higher hardness, ranging from 15 to 24 kgf/mm 2 as compared to the sample with a
high molecular weight Jeffamine® D400 (LPPO) with a hardness ranging from 10 to 14 kgf/mm 2
(Figure 2.40). The presence of the UPy groups at the end of the chains and the molecular weight
of the aliphatic diamine affect the hardness of the polyimides. The softer samples composed of
Jeffamine® D400 (LPPO) had Shore A values of 11 to 45 for the PMDA samples and 9 to 95 for
the samples containing BTDA. The results from the Vickers hardness test are translated into the
Shore A hardness as it can be seen with the BTDA/D400 (LPPO) series. The 3%UPy sample had
higher Shore A and HV values compared to the 5%UPy sample. All the other samples containing
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Jeffamine® D400 (LPPO) were too soft to be tested using microhardness. There is a common
behavior in all the series where the hardness increases as the concentration of UPy increases up to
3%, but then it decreases for the 5% sample (Figure 2.41). The behavior only changes for the
BTDA/D230 (SPPO) series. This trend is common in different techniques, which could mean
saturation of UPy, where the H-bond cannot replace the covalent bonds in the polymer chains.
Overall, there is an effect caused by the UPy on the hardness of the polyimide.

Shore A Hardness

Shore A Hardness vs. Percent of UPy
100
90
80
70
60
50
40
30
20
10
0
0

1

2

3
Percent of UPy

D400/PMDA

4

5

D400/BTDA

Figure 2.41: Shore A Hardness of Polyimide UPy Composites
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Table 2.8: Shore A Hardness of Polyimide UPy Composites
Sample
Percent of UPy
PI-1
0%
PI-UPy 1
1%
PI-UPy 2
3%
PI-UPy 3
5%
PI-2
0%
PI-UPy 4
1%
PI-UPy 5
3%
PI-UPy 6
5%

Shore A
10.8 ± 2.05
41.4 ± 1.52
45 ± 1.00
11.2 ± 0.45
9.2 ± 0.45
38.2 ± 2.95
94.8 ± 0.84
90.4 ± 0.89

2.3.7. Tensile testing
The influence of the ureidopyrimidone addition on stress and strain values were observed
for the different polyimide formulations (Table 2.9). When D230 (SPPO) was combined with the
BTDA and PMDA dianhydride, it made a flexible polymer [19]. After the introduction of UPy,
there was an increase in the chain interaction as it can be seen in the increase of T g and the
introduction of the terminal UPy with four hydrogen-bond sites, which allowed a connection in
series [25 27 28 33]. The results from the tensile test can be seen in Table 2.9. The properties of
the polymers containing the ureidopyrimidone are improved compared to neat aliphatic polyimides
[19].
The behavior of all the series is related to the addition of the UPy linker and the influence
it has on the material. Overall, there is a positive effect in the stress resistance of the polymers,
especially in the series containing the longer aliphatic diamine (Figure 2.42 to Figure 2.53). When
comparing the dianhydride, BTDA has a higher stress resistance compared to PMDA. On the other
hand, when comparing the diamines, D230 (SPPO) dominates in stress over D400 (LPPO). The
trend is a confirmation of the results presented in the temperature stability and glass transition
temperature. The inability to manufacture a film that was not brittle did not allow to test the
samples containing UPy in the PMDA/D230 (SPPO) series and the PI-UPy 12 5%UPy from the
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BTDA/D230 (SPPO) series. This could show that the UPy could reach a saturation point that
affects the molecular weight and the four hydrogen bond sites are not as strong as a chemical bond
in the polymer chain. The longer diamine D400 (LPPO) allows for a higher strain percent; due to
its lower Tg, the longer aliphatic polypropylene oxide diamine makes it more flexible and as it
uncoils during the stretching it can reach a higher strain. The introduction of the UPy on one side
did not have an effect in the behavior of the tensile pattern of the samples with the shorter diamine
D230 (SPPO) because they only had a region of elastic strain so it only increases the stress and the
effects on the strain were negligible. By consequence the yield point was attained at the stress at
max value. On the other hand, the UPy changed the pattern of the tensile test for the samples with
the longer diamine D400 (LPPO). Both the yield strength and ultimate tensile strength were
increased but the elastic strain and plastic strain were decreased (total strain).
In the PMDA/D400 (LPPO) samples (Figure 2.42 to Figure 2.45), the necking occurs after
some uniform plastic deformation and then the fracture occurs. In the BTDA/D400 (LPPO)
samples (Figure 2.46 to Figure 2.49), the necking shifts from being in the plastic strain region after
some uniform plastic deformation in the neat sample to the end of the elastic strain region, in the
samples containing UPy. This leads to a region of non-uniform plastic deformation after the
ultimate strength of the sample was achieved and the fracture values being far apart (Table 2.9),
which merges the yield point and the stress at max. The change in the behavior confirms the
influence of the UPy in the polyimide sample and they change the performance of the material.
Overall, the inclusion of the UPy is more noticeable in the samples containing the longer diamine
D400 (LPPO) and has a constructive influence in the stress but deteriorates the strain. The results
of the tensile testing support the indication that the polymer physical properties can be improved
by increasing the interaction between the neighboring chains by connecting them in series.
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Compared to aromatic polyimides like Kapton (DuPont), the stress is only a fraction of what they
can achieve.
Table 2.9: Tensile Testing Results for Polyimide Samples

Sample

UPy
(%)

Stress
at
Break
(N/mm2
)

PI-1

0%

0.87 ±
0.05

1058 ±
71.9

1.04 ±
0.11

641.6 ±
19.3

4.96 ±
0.19
10.94 ±
0.82
1.71 ±
0.17
9.89 ±
0.72
6.68 ±
2.96
16.46 ±
10.1
10.52 ±
3.3
28.15 ±
3.45

303.0 ±
53.59
226.32 ±
36.02
477.75 ±
124.58
176.4 ±
36.6
76.24 ±
31.97
65.21 ±
48.62
46.28 ±
8.85
2.23 ±
0.5

5.33 ±
0.39
11.37 ±
0.88
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Figure 2.42: Tensile Testing PI-1 Neat Polyimide D400 PMDA

Figure 2.43: Tensile Testing PI-UPy 1 1%UPy D400 PMDA
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Figure 2.44: Tensile Testing PI-UPy 2 3%UPy D400 PMDA

Figure 2.45: Tensile Testing PI-UPy 3 5%UPy D400 PMDA
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Figure 2.46: Tensile Testing PI-2 Neat Polyimide D400 BTDA

Figure 2.47: Tensile Testing PI-UPy 4 1%UPy D400 BTDA
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Figure 2.48: Tensile Testing PI-UPy 5 3%UPy D400 BTDA

Figure 2.49: Tensile Testing PI-UPy 6 5%UPy D400 BTDA
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Figure 2.50: Tensile Testing PI-3 Neat Polyimide D230 PMDA

Figure 2.51: Tensile Testing PI-4 Neat Polyimide D230 BTDA
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Figure 2.52: Tensile Testing PI-UPy 10 1%UPy D230 BTDA

Figure 2.53: Tensile Testing PI-UPy 11 3%UPy D230 BTDA
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2.4. Conclusions
The effects of the terminal UPy moiety on the backbone are manifested in the resulting
connection in series of the polymer chains (i.e., pseudo lengthening of the chains through Hbonds). Fully aromatic polyimides are well known to exhibit high thermal stability and resistance
to solvents due to the interaction between the aromatic rings and the high packing order of the
chains. Modification to significantly lower the molecular weight and replace the chemical for a
reversible physical bond has been done to ease the processing process. On the other hand,
polyimides with aliphatic diamines have fewer interactions between the chains which lowers the
thermal and physical stability that aromatic polyimides are known to exhibit. The incorporation of
the UPy has the effect of introducing an extra physical bond that increased the appearance in the
chain length. The hydrogen bond could work as a reversible crosslinker [29 35 37 38]; this will be
tested in future work. The low concentration had the purpose of a minimal interference to the
molecular weight because the order of packing was already disrupted with the aliphatic monomer
that lower the thermal transitions. The minimal effect in chain growth shows to be beneficial to
the overall polyimide properties. The content of UPy, the length of the aliphatic diamine and the
number of rings in the aromatic dianhydride all play an important role in the architecture of the
polymer and therefore in its behavior. Their role in the polymers' physical properties like chain
length, which ultimately affects the thermal and processing properties. This work provides
expansion for aliphatic polyimides. The processability using typical thermoplastic techniques,
such as compression molding, injection molding, and extrusion, is preserved by maintaining the
flexible component, aliphatic polyetherdiamines. Thermal and mechanical properties, such as
microhardness and decomposition temperatures, were also characterized.

Larger forms of

processability of the material provides the elimination or reduction of the solvent used for the
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separator layer/electrolyte composite. The advantage of the flexible polyimide with a lower T g
comes from the manufacturing process, because different options could be used and at lower
energy expenses. The rheological analysis showed glass transition temperatures (T g) ranging from
approximately 17ºC to 102ºC according to tan

peaks at 1 Hz and an increase in the rubbery

plateau. The different characteristics of the monomers allowed for a broad range of individualities
that could be tailored for the desired application. The flexible component from the aliphatic
diamine portion of the polyimide dominates the thermal behavior of the overall polyimide and the
addition of the UPy is intended to provide a constructive interference with the increase of
interaction in series between the neighboring chains.
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Chapter Three:
Thermomechanical Characterization of Thermoplastic Polyimide-Polyurea to Improve the
Chain Interaction via Internal Hydrogen Bonds

Note to reader
Portions of this chapter have been previously published in Polymer Engineering and
Science, 2019, 59, 9: 1948-1959, and have been reproduced with permission from John Wiley &
Sons, Inc.

3.1. Introduction
A series of thermoplastic polyimide-polyureas (PIU) with tractable properties and
structural improvements are synthesized and characterized in this work. Polyimides (PIs) with
highly ordered aromatic backbones demonstrate high thermal stability, solvent resistance, low
coefficients of thermal expansion, low dielectric constants, high glass transition temperatures, and
superior mechanical properties [1-3]. These characteristics makes them a viable option in the
production of high-performance products found in electronics, aerospace structural components,
thermal insulation, composites, and adhesives [4-8]. Although polyimides are relatively expensive
compared to most polymer classes, the molecular architecture allows them to be tailored to produce
an extensive combination of controllable properties. However, there are different synthetic
methods [9-13] to manufacture this architectonical adaptable material. Hence, the chemistry of
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polyimides is rather diverse with a variety of usable monomers and several methodologies
available for synthesis.
The stability found in fully aromatic polyimides renders them difficult to process due to
highly elevated glass transition temperatures (Tgs) and the melt temperatures (Tms), which range
close to their decomposition temperatures [4-6 14 15]. The common process of manufacturing
them involves preparing soluble polyamic acids, which are then coated as thin films on a surface
to be later imidized by heat treatment to form the final polyimide; this technique leaves them
exposed to hydrolysis or solvolysis before the imidization occurs [16 17]. The methodology also
limits PIs to being cast as thin sheets with little post-synthetic processability for industrial
applications. To circumvent these shortcomings, various groups have sought to break up the
aromaticity of the polyimide backbone ultimately to impart thermoplastic behavior [7 10 17-22]
by increasing flexibility and decreasing the different thermal transitions. The glass transition
temperatures for numerous of the resulting polymers remain relatively high, ranging from 215ºC
to over 310ºC [7 19-21]. Although these materials can be processed before decomposition, the
temperature requirements remain elevated and reprocessing or recycling is unlikely. As the number
of aliphatic linkers is increased, the flexibility of the backbone is improved, and therefore the
movement of the chains starts at a lower temperature. Baldwin et al. [23] used an entirely aliphatic
ether as the diamine and reacted it with pyromellitic dianhydride (PMDA), reducing the glass
transition temperature significantly (51ºC–75ºC). These polymers lacked the highly ordered, stiff
backbones of conventional polyimides, and this loss of aromaticity greatly diminished the ability
to compete with high performance aromatic polyimides. In our previous work [22], a series of
polyimides were designed to have tractable Tg using 4, 4'‐methylenebis

(2, 6‐

dimethylaniline)(MBDMA) with a wider range of glass transition temperatures (22ºC to 101ºC).
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Herein we explore incorporating urea linkages into these polyimides to enhance hydrogen bonding
in an effort to further enhance thermal and mechanical properties [24].
Kull et al.[25] had previously investigated the behavior of polyurethanes and their
interaction between the chains due to hydrogen bonding [26 27]. The formation of polyurea
characteristically implicates the quantifiable reaction between a diamine and a diisocyanate. This
allows one to explore the merger of amine terminated polyimide with isocyanate, creating a
polyimide polyurea hybrid. The amalgamation could provide structural support by introducing
hydrogen-bonding donors and acceptors in the backbone [26-28]. Polyureas represent a unique
class of polymers that have found utility in a wide array of applications from protective coatings
to foams and biomedical implants. The complement of hydrogen bonding provides advantageous
solvent resistance garnering attention as thermally resilient thermoplastics. Polyureas have a lower
decomposition temperature, around 200ºC to 330ºC depending on their structural backbone [25 29
30]. Compared to polyimides the decomposition temperatures are lower [4-6 22]. It is expected
that the incorporation of the urea linkages into our polyimides will have an influence on the thermal
stability of the samples tested. The work done herein helps to merge two materials and improve
their respective properties. The common usage of urea coatings [31 32] and the high thermal
resistance applications of polyimides are combined in the proposed flexible polyimide enhanced
by urea linkages. In the work shown by Feng et al. [31-33], the usage of a Kapton® type polyimide
precursor affords the high thermal stability but leads to processing issues. The polyimide-polyurea
developed in this research leads to a flexible material that could be used in the corrosion resistance
polymer coatings [31 32]. Additionally, lower thermal transitions provide larger processing
windows. The thermal improvements can be seen as a large rubbery plateau due to crystallinity
[25 27], hydrogen bond reversible crosslinking [34], and high molecular weight [35]. The
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hydrogen bond could work as a reversible cross-linker and provides some self-healing properties
[34]; this will be tested in future work. These thermal properties provide a large range of
operational conditions for flexible materials. Single use plastics have become an issue in today’s
economical and natural environment; it is important to take into consideration the purpose of the
material and the options after its life span. Polyureas can be recycled into carbamates to ensure it
does not become a single use plastic [36] on top of the multiple cycles the polymer could be used
before it starts its recycling process.
In this work, polyimide-polyureas are designed to serve as functional thermoplastic
materials, which can be molded or extruded into shapes necessary for diverse uses, negating the
need for the highly limiting thin-film polyamic acid casting methodology used with conventional
PIs. In the case of these copolymers, the polypropylene-oxide diamine (Jeffamine® D400 (LPPO))
can interact with the isocyanate to create a urea bond and the dianhydride to form the imide ring.
A modification to aliphatic polyimides [22] in the interaction between the chains was used to
enhance the thermal and mechanical properties. These are tuned by controlling the stoichiometric
ratio of diisocyanate to the dianhydride per the introduction of H-bond donors from the urea
linkages. The polymers are characterized by FTIR, thermomechanical and calorimetric analysis,
tensile testing, and microhardness testing.

3.2. Materials and Methods
3.2.1. Materials
3,3',4,4'-Benzophenonetetracarboxylic dianhydride (BTDA), pyromellitic dianhydride
(PMDA), 4,4’-methylenebis (2,6-dimethylaniline) (MBDMA), and gamma-butyrolactone (GBL)
were used as received and donated from BrightVolt, Inc. (Lakeland, FL) [37 38]. Jeffamine® D400
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long polypropylene-oxide diamine (LPPO) was donated by Huntsman, Inc. (The Woodlands,
Texas). HPLC-grade tetrahydrofuran (THF) and 1,6-hexamethylene diisocyanate were used as
received from Sigma Aldrich. Narrow molecular weight polystyrene standards were purchased
from Fluka Analytical.

3.2.2. Methods
3.2.2.1. General Procedure for Polymerization
Polyimides with different stoichiometric ratios of urea (Table 3.1), derived from 1,6hexamethylene diisocyanate, were synthesized (Figure 3.1), creating approximately 250 g of
polyimide in each reaction. First, a four-necked glass reactor was equipped with a mechanical
mixer with Teflon blades, a nitrogen line, and a thermocouple. The reactor was placed inside a
heating mantle and a distillation apparatus was assembled. The diamines (LPPO and MBDMA)
were added to the reactor, which was sealed and kept at an inert nitrogen atmosphere for 24 hr.
Then, 1,6 hexamethylene diisocyanate (HMDI) was added to reactor to create a urea prepolymer.
The mixture was homogenized with the mechanical mixer at 30°C for 20 minutes. Then, the
dianhydride (BTDA or PMDA) was dissolved in GBL and added to the reactor. The temperature
was increased to 80°C and kept at that temperature under N 2 for 24 hr. Water formed from the
imidization of the polyamic acid ring was distilled using a vacuum. The reaction yield was placed
in a Teflon pan to oven cure at 200°C for 2 hr to ensure complete closure of the imidization ring.
Then, it was further dried by storing it in a vacuum oven at 100°C. The different monomer fraction
combinations are exemplified in Table 3.1.
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Table 3.1: Stoichiometric Formulations (Mol Fractions)
Modification
Sample
PMDA
BTDA
TMMDA
of Urea (%)
PI-1
0%
0.5
N/A
0.1
PIU-1
10%
0.4
N/A
0.1
PIU-2
20%
0.3
N/A
0.1
PIU-3
30%
0.2
N/A
0.1
PI-2
0%
N/A
0.25
0.05
PIU-4
10%
N/A
0.2
0.1
PIU-5
20%
N/A
0.3
0.1
PIU-6
30%
N/A
0.4
0.1

D400

HMDI

0.4
0.4
0.4
0.4
0.2
0.4
0.4
0.4

0
0.1
0.2
0.3
0
0.1
0.2
0.3

3.2.2.2. Fourier Transform Infrared Spectroscopy/Attenuated Total Reflectance
Thin film samples were prepared in a heated Carver hydraulic press. The films were
analyzed conducting 16 scans from 400-4000 cm-1 at room temperature using a Spectrum One FTIR (Perkin Elmer, USA) equipped with ATR. The resulting data was collected in reflection mode
and it was analyzed using Spectrum software [39 40].

3.2.2.3. Thermogravimetric Analysis (TGA)
A 25-30 mg sample from each polymer formulation was assayed for temperature stability
with a TGA Q50 (TA Instruments, USA) under nitrogen atmosphere. The samples were heated
from 25ºC to 600ºC with a ramp rate of 10ºC per minute. The results were analyzed using TA
Universal Data Analysis software.
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Schematic Representation of the Reaction Process
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Figure 3.1: Synthetic Procedure for the Formation of Polyimide-Polyurea Copolymer
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3.2.2.4. Characterization of Glass Transition Temperature by Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA)
Differential scanning calorimetry (DSC) analysis was carried out using a DSC 2920
differential scanning calorimeter (TA Instruments) over the temperature range from -30°C to
200°C. Temperature was calibrated using an indium standard. The samples were cut and weighed;
weights ranged from 9 to 10mg. Samples were first heated from room temperature to 200°C at
20°C min-1, cooled to -30°C at 20°C min-1, and reheated to 200°C at 20°C min-1. The cycle
processes were used to erase thermal history due to sample preparation and storage. The results
were analyzed using TA universal analysis software and the second heating cycle was reported.
Dynamic mechanical analysis (DMA) was done on a rheometer AR2000 with a rectangular
solid sample geometry. The samples (40 mm x 10 mm x 2 mm) were molded in a heated Carver
hydraulic press at approximately 170°C with quick cooling to room temperature under 75 Mega
Pascals. Isothermal strain sweeps were performed on the rectangular samples to determine the
linear viscoelastic regions (LVR) with an AR2000 rheometer (TA Instruments) at –50°C. The
highest strain percent within the measured LVR was chosen to characterize the sample with a
temperature ramp in oscillation mode. Ramp conditions were -100°C to 300°C at 10°C/min and
1Hz with liquid nitrogen used for cooling. The information was collected in an AR2000 rheometer
by TA instruments using a TA Rheology Advantage software. Resulting data were analyzed with
TRIOS software available from TA Instruments.
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3.2.2.5. Determination of Activation Energies of T g via Dynamic Mechanical Analysis and
Rheological Measurements
Rectangular bars of 40 mm in length, 10 mm in width, and 2 mm in thickness were molded
in a Carver press. The samples were used to measure activation energy of polymer chains near the
glass transition temperatures (Tgs). A time temperature superposition was made to calculate the
activation energy using a Williams Landel Ferry model. A range of frequencies from 0.05 to 10Hz
at constant temperatures below and above the Tg of the sample (-20 to 150 °C in 5°C increments)
were used to obtain the information. Two common temperatures of 30°C and 50ºC were used to
generate the master curve of the samples to compare the activation energy. The information was
collected in an AR2000 rheometer with a rectangular solid sample geometry by TA instruments
using a TA Rheology Advantage software and analyzed using a TRIOS software.

3.2.2.6. Shore A Hardness Testing:
Discs of 25 mm in diameter and 3 mm in thickness were molded in a Carver press.
Measurements were made using the Shore Instrument & MFG. CO., INC Durometer type A
(ASTM D2240) hardness tester (New York, USA). Six measurements were made on each
specimen on both sides of the disc to check reproducibility. Averages and standard deviations were
calculated from the six readings.[41]

3.2.2.7. Tensile Testing
Films with a thickness between 0.1 and 0.2 mm were made using a Carver press. An ASTM
D638 Type 5 die was used to cut the samples in the appropriate shape. Six dog-bone samples were
cut out of each film and tested in the Shimadzu AGS-J. A 50N force transducer (Model SM-50N168) was used to test the samples. Each dog-bone was pulled at 25mm per min. The average for
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the 6 trials was reported in the results. The results were recorded and analyzed using the
TrapeziumX Software.

3.3. Results and Discussions
3.3.1. Infrared Spectroscopy
The Fourier Transform IR spectra depicted the presence of the expected moieties in final
products (Figure 3.2 and Figure 3.3). This confirmed complete synthesis of the polyimide-polyurea
hybrids (PIU) [39 40], which were formed through the imidization of a polyamic acid precursor.
The infrared spectra of all synthesized PIU hybrids showed characteristic peaks of an imide moiety
at around 1771 and 1714 cm-1, which represent the stretching of the asymmetrical and symmetrical
carbonyls located in the anhydride rings of the PMDA and BTDA monomer. Another
characteristic peak of an imide moiety was observed at around 1354 cm -1 for the C-N stretch from
the aromatic carbon of the MBDMA monomer. Furthermore, another peak at around 730 cm -1 was
seen for the carbonyl bending of the imide. The peak absences of the carboxylic acid and amide
functional groups of the polyamic acid precursor showed that the imide ring was completely
closed.
The final PIU products were expected to have a urea moiety, derived from the introduction
of 1,6-disocyanohexane, which confirmed the presence of urea linkages. Absorption bands for the
urea moiety were seen between 3315 cm-1 -3374 cm-1, representing the N-H stretch vibration of
the amides from the isocyanate group (Figure 3.4). The PIU hybrids synthesized with PMDA had
stronger N-H free stretch vibrations than the PIU hybrids with BTDA; however, the peak
vibrations of all the PIU hybrids decreased as the stoichiometric ratio of urea was increased.
Another characteristic peak that showed the presence of urea was around 1642 cm -1 for the
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carbonyl stretch vibration of the PIU hybrids with PMDA and a peak around 1670 cm -1 for the
carbonyl stretch vibration of the PIU hybrids with BTDA. Other peaks observed in the PIU hybrids
with PMDA were not the same as the peaks observed in the PIU hybrids with PMDA. The PIU
hybrids with PMDA had N-H with C-N bending vibrations from the amide group in the backbone
at around 1546 cm-1, C-N stretching vibrations at between 1355-1359 cm -1 from the part of the
backbone derived from the dianhydride, C-O stretching vibrations at 1300 cm -1, C-O stretching
vibrations near the imide moiety at 1261-1263 cm-1 from the LPPO, and C-O stretching vibrations
around 1092-1095 cm-1 from the LPPO. However, in the PIU hybrids with BTDA, aromatic C=C
stretching vibrations were seen at 1483-1427 cm−1 from BTDA, C-N stretching vibrations at 1367
cm-1 from the imide moiety, which was derived from the dianhydride monomer, C-N stretching
vibrations at 1294-1247 cm-1, and C-O stretching vibrations around 1094 cm-1 from the LPPO
monomer near isocyanate.
PI-1: ATR-IR (cm−1): 1771 cm−1 (asymmetric stretching C=O), 1714 cm−1 (symmetric
stretching C=O), 1565 cm−1 (N-H mixed with C-N bending), 1354 cm−1 (C-N stretching), 1300
cm−1 (C-O stretching), 1264 cm−1(C-O stretching), 1095 cm−1 (C-O stretching), and 730 cm−1
(C=O bending).
PIU-1: ATR-IR (cm−1): 3374 cm−1 (N-H free stretching), 1771 cm−1 (asymmetric stretching
C=O), 1715 cm−1 (symmetric stretching C=O), 1644 cm−1 (C=O stretching), 1546 cm−1(N-H
mixed with C-N bending), 1355 cm−1 (C-N stretching), 1300 cm−1 (C-O stretching), 1263 cm−1
(C-O stretching), 1094 cm−1 (C-O stretching), and 730 cm−1 (C=O bending).
PIU-2: ATR-IR (cm−1): 3355 cm−1 (N-H free stretching), 1771 cm−1 (asymmetric stretching
C=O), 1717 cm−1 (symmetric stretching C=O), 1644 cm−1 (C=O stretching), 1546 cm−1 (N-H
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mixed with C-N bending), 1355 cm−1 (C-N stretching), 1300 cm−1(C-O stretching), 1261 cm−1 (CO stretching), 1095 cm−1 (C-O stretching), and 730 cm−1 (C=O bending).
PIU-3: ATR-IR (cm−1): 3315 cm−1 (N-H free stretching), 1772 cm−1 (asymmetric stretching
C=O), 1720 cm−1 (symmetric stretching C=O), 1642 cm−1 (C=O stretching), 1546 cm−1 (N-H
mixed with C-N bending), 1359 cm−1 (C-N stretching), 1300 cm−1 (C-O stretching), 1261 cm−1(CO stretching), 1092 cm−1 (C-O stretching), and 730 cm−1 (C=O bending).
PI-2: ATR-IR (cm−1): 1772 cm−1 (asymmetric stretching C=O), 1709 cm−1 (symmetric
stretching C=O), 1671 cm−1 (C=O stretching), 1367 cm−1 (C-N stretching), 1294 cm−1 (C-O
stretching), 1247 cm−1 (C-O stretching), 1095 cm−1 (C-O stretching), and 728 cm−1 (C=O bending).
PIU-4: ATR-IR (cm−1): 3355 cm−1 (N-H free stretching), 1773 cm−1 (asymmetric stretching
C=O), 1710 cm−1 (symmetric stretching C=O), 1671 cm−1 (C=O stretching), 1620 cm−1 (C=O
stretching), 1483-1427 cm−1 (Ar-C=C stretching), 1367 cm−1 (C-N stretching), 1294-1247 cm−1
(C-N stretching), 1094 cm−1 (C-O stretching), and 727 cm−1 (C=O bending).
PIU-5: ATR-IR (cm−1): 3347 cm−1 (N-H free stretching), 1773 cm−1 (asymmetric stretching
C=O), 1712 cm−1 (symmetric stretching C=O), 1670 cm−1 (C=O stretching), 1640 cm−1 (C=O
stretching), 1483-1427 cm−1 (Ar-C=C stretching), 1367 cm−1 (C-N stretching), 1294-1247 cm−1
(C-N stretching), 1094 cm−1 (C-O stretching), and 727 cm−1 (C=O bending).
PIU-6: ATR-IR (cm−1): 3332 cm−1 (N-H free stretching), 1774 cm−1 (asymmetric stretching
C=O), 1713 cm−1 (symmetric stretching C=O), 1669 cm−1 (C=O stretching), 1638 cm−1 (C=O
stretching), 1451cm−1 (Ar-C=C stretching), 1368 cm−1 (C-N stretching), 1294-1247 cm−1 (C-N
stretching), 1095 cm−1 (C-O stretching), and 727 cm−1 (C=O bending).
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Figure 3.4: Comparison Between the PMDA and BTDA Series for the Incorporation of Urea
Linkages with the Increase of Diisocyanate.

3.3.2. Thermogravimetric Analysis
The thermal stability and residual solvent retention of the polyimide-polyurea were
evaluated by TGA. The thermograms of the PIUs are shown in Figure 3.5. The corresponding
temperature at 5% weight loss and the onset temperature are reported in Table 3.2. The diamine
monomers and the lactone solvent used in processing both have boiling points around 205ºC,
which may explain the minimal loss of mass around that temperature. The stability at the onset
temperature represents a relation between the different imide and urea bonds. Neat polyimides
typically have higher temperature stability [5 6 12] as their backbone is linear, well-ordered, rigid,
and aromatic. The polyimide-polyureas synthesized in this article exhibit thermal onset stabilities
that decrease as the glass transition temperatures decrease. The main variation in both series was
the exchange from imide linkages to urea linkages. Aromatic polyimides are recognized for having
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high thermal stability, but when the aromaticity is decreased with the incorporation of aliphatic
monomers, the temperature stability decreases [22 23]. On the other hand, polyureas have a lower
temperature stability, especially if they are aliphatic [29 39 42]. Therefore, the change from the
imide ring to the urea link will have a tradeoff in temperature stability.
In the BTDA series, the data showed that the samples with a higher concentration of urea
failed to attain the 300ºC mark that was achieved by aliphatic polyimides. The values ranged from
279ºC to 356ºC (Table 3.2). In the PMDA series the trend continued when the temperature stability
decreased as the polyurea started to increase and govern as the major bond in the polymer hybrid.
The thermal stability varied between 261ºC to 328ºC (Table 3.2). The thermograms had a step in
the 350ºC to 370ºC (Figure 3.5) region and it occurred at a lower mass percentage as the
concentration of urea in the polymer increased. The decomposition temperature (T d) was above
260ºC for each formulation verifying that the polymers were dry (Table 3.2). The information
provided by TGA testing also allowed the determination of appropriate temperature ranges for
dynamic mechanical analysis and differential scanning calorimetry.

Table 3.2: Onset Temperature and 5% Loss
Sample
PI-2
PIU-4
PIU-5
PIU-6
PI-1
PIU-1
PIU-2
PIU-3

Modification of
Urea (%)
Neat
10%
20%
30%
Neat
10%
20%
30%

Temperature at 5%
Loss (Td)
356.42
320.92
279.51
293.36
328.38
306.29
296.28
261.12

Temperature at
Onset Point (ºC)
355.25
302.70
271.96
301.83
357.25
328.69
311.53
287.69
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Figure 3.5: Thermogram of Polyimide Polyurea Samples
3.3.3. Characterization of Glass Transition Temperature (Tg) by Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA)
The glass transition temperature (Tg) was measured by two different techniques,
differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). The different
techniques allowed a detailed characterization of this important transition. The T g in the DSC
manifests as a step decrease in the heat capacity of the polymer and will be defined here as the
mid-point of the curve between the original baseline heat capacity and the resulting heat capacity.
In the DMA, the Tg was taken from the peak of the alpha transition from the loss modulus G” and
the Tan

[33]. At the three different temperatures, the polymer long chain segmental motion is

measured by a change in the baseline of the DSC, an increase in the loss modulus before a large
drop, and finally an increase in the Tan

close to one in the ratio of the loss modulus over the
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storage modulus. In this set of series, the main variation is the addition of urea linkages in the
backbone to study the contribution of hydrogen bonding in parallel to polyimides having lower
transition temperatures and still perform as robust polyimides.

Figure 3.6: Glass Transition Temperature of PMDA Series (1=G’, 2=G”, and 3= Tan )
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Figure 3.7: Glass Transition Temperature of BTDA Series (1=G’, 2=G”, and 3= Tan )

The Tg in these polyimides is dominated by the urea linkage replacing the imide linkage to
provide the hydrogen bond donors and acceptors to connect the chains in parallel. The T g ranges
from -10ºC to 6ºC from the loss modulus G”, and 0ºC to 41ºC from the loss factor Tan

(Figure

3.6 and Figure 3.7), and -13ºC to 34ºC from DSC (Figure 3.8) (Table 3.3). The imide ring provides
a more robust rigid link compared to the aliphatic urea link. This can be appreciated in a common
pattern where it reaches a level of saturation where the governing link in the polymer is the urea
over the imide. At this point, the flexible link with the help of the hydrogen bonding is not robust
enough and the properties start to decline. Overall, the polyimide backbone can beneficiate from
the presence of the urea linkages that provide some level of physical crosslinking [34] that
improves the rubbery plateau. This is evidenced in Figure 3.7 for the samples containing
BTDA/D400 [27 28]. The large rubbery plateau of about of 100ºC (Figure 3.7), and leads to the
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possibility of broader use applications. The storage modulus G’ levels out after the T g, forming a
rubbery plateau at a higher value in the samples containing a urea linkage as compared to the neat
sample (Figure 3.7). In the PMDA/D400 series, the sample with 30% urea appeared softer and
showing some blocking behavior; this was seen at room temperature when the samples fused with
each other if they came in contact after molding. The low transition temperature allows for the
chain slippage at room temperature. All the other samples kept their structures after molding them.
The glass transition temperatures of the samples are low, but the large rubbery plateau in the BTDA
samples (PIU-4, PIU-5 and PIU-6) shows that they can be used as robust polymers (Figure 3.7).
Due to the presence of physical crosslinks, the behavior of the T g is affected as well as the energy
required to overcome that barrier.
1.5
–––––––
1
·2 · · ·
3–––
–
4 –– –
––
5
–––
–––
6
–––––
·
7
–––––
–
8
–––
––

1.0
5

Heat Flow (W/g)

0.5

0.0

6

5

6.16°C(I)
5

6

6

6

7
8

-0.5

5

7

7

8

1

1

-1.0

2

8

1
2

2

7
15.42°C(I)
8

-1.5

3

4

4

Exo Up

-20

8

1
2

0

4

20

5

2

5

5

5

5

6

6

6

6

6

6

7

7

7

7

7

7

8

8

8

8

8

8

1

1

1

1

1

1

3

4

-2.0
-40

5

34.11°C(I)
6
6
32.64°C(I)
7
7

1
2

2.23°C(I)
3
-12.88°C(I)

5

8

7.62°C(I)
1
1
5.60°C(I)
2

3

5

6

7

8

5

PI-1 Neat Polyimide
PIU-1 10%Urea
PIU-2 20%Urea
PIU-3 30%Urea
PI-2 Neat Polyimide
PIU-4 10%Urea
PIU-5 20%Urea
PIU-6 30%Urea

2

2

2

2

2

2

3

3

3

3

3

4

3

4

3

4

3

4

3

4

4

4

4

40

60

Temperature (°C)

80

100

120

4

140
Universal V4.5A TA Instruments

Figure 3.8: Glass Transition Temperature of PMDA and BTDA Series from DSC

96

Table 3.3: Tg Characterization for Polyimide Polyurea Samples from DMA and DSC
Sample

Modification of
Urea (%)

Tg from Tan
( ) (ºC)

Tg from
G” (ºC)

Tg from
DSC (ºC)

PI-1
PIU-1
PIU-2
PIU-3
PI-2
PIU-4
PIU-5
PIU-6

Neat Polyimide
10
20
30
Neat Polyimide
10
20
30

24.88
22.34
23.54
0.46
22.29
40.85
36.70
34.88

5.74
-2.01
-7.97
-9.72
3.51
1.92
1.94
4.52

7.62
5.60
2.23
-12.88
6.15
34.11
32.63
15.42

Storage
Modulus at
-50ºC
1.09E+09
1.46E+09
1.70E+09
2.20E+07
1.31E+09
2.08E+09
2.00E+09
1.25E+09

3.3.4. Dynamic Mechanical Analysis and Rheological Analysis of Activation Energy for T g
Dynamic mechanical analysis was performed on rectangular solid samples under linear
viscoelastic (LVE) strains determined from isothermal strain sweeps. Frequency sweeps at
constant temperature under these LVE-determined strains yielded transitions as frequency
dependent increases of storage modulus G’ and loss modulus G”. Different temperatures, starting
below the glass transition until the sample lost its structure, were used to determine a broad range
of storage modulus G’ and loss modulus G” at different temperatures and frequencies. The
behavior of all the samples was common by having a large storage modulus G’ close to 10 9 Pa
when the temperature was below the Tg and the frequency was on the upper region of the
measurement. At the end of the experiment, the moduli dropped 3 to 4 orders of magnitude close
to 105 Pa (Figure 3.6 and Figure 3.7); this was achieved at low frequencies and higher
temperatures.
The study of the activation energy of polymer chains in the region near the glass transition
temperature was done using time temperature superposition (TTS) (Figure 3.9 and Figure 3.11)
and a Williams Landel Ferry (WLF) plot (Figure 3.10 and Figure 3.12 to Figure 3.14). A common
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reference temperature in the viscoelastic region of the single frequency temperature ramp was
selected (Table 3.4). The reference temperature is typically situated between the glass transition
temperature and Tg +100°C, since this interval is valid to apply the WLF equation [43]. The
temperatures were as follow: 30ºC for the PMDA/D400 series, and 50ºC for the BTDA/D400
series (Figure 3.9 and Figure 3.11). The TTS plot allows the creation of a master curve for each
polymer composition; this goes in combination with the WLF plot that plots the shift factor aT with
respect to temperature (Figure 3.10 and Figure 3.12 to Figure 3.14) [43]. From the fitting of the
curve using the WLF equation (1) is it possible to obtain the C1 (B/2.303ƒg) and C2 (ƒg/αƒ) material
constants, which are related to the free space (ƒ g) ƒ and coefficient of thermal expansion (αƒ) [35
44]. Also, equation (2) involves R for the universal gas constant, T for temperature and Tg for the
glass transition temperature [35 44]; all these temperatures are in Kelvin.
(1)

(2)

𝐿𝑜𝑔(𝑎 ) =

−𝐶 (𝑇 − 𝑇 )
𝐶 + (𝑇 − 𝑇 )

∆𝐸 = 2.303

𝐶
𝐶

𝑅𝑇

The activation energy of polymer chains near the Tg of most of the neat samples was lower
than the samples that contained urea, which indicated that the introduction of H-bonds increased
the activation energy of Tg by connecting the chains in series. The results presented in Table 3.4
showed that C1 constants varied from 7.9 to 18.3, C2 constants ranged from 76.7 to 172.7K, and
the activation energies from 136.8 to 214.9 kJ/mol (Table 3.4). The flexible diamine was a constant
factor. LPPO provided the flexibility in the backbone and therefore it had a low T g and overall
lower activation energy. An apparent difference in the dianhydrides was the extra aromatic ring in
the BTDA compared to the PMDA, which increased T g and the overall activation energies when
keeping everything else the same. Since the Tgs were higher for the BTDA series, the reference
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temperature used was also higher, so even if the activation energy was in the similar range, a higher
temperature was needed to reach the transition. The molecular weight of the sample can affect the
Tg and by consequence the activation energy due to not reaching a critical entanglement point. The
backbone contributed to a change in activation energy, but the main purpose was the impact of the
urea linkages added to the polymer and the hydrogen bonds they provided between the chains.
This physical cross-linking effect connects the chains in parallel to help minimize the effect of
molecular weight. The activation energy is related to the T g. With a high glass transition
temperature, the activation energy needed to promote the slippage of the main chains needs to be
greater. The two types of links that govern the samples show a similar behavior. The robust imide
ring and the aliphatic urea link provided different types of restrictions in the movement of the
chains that affect the activation energy. It shows that the 10%urea sample in both series have the
most constructive interference achieving the higher activation energy for both samples. After that
it decreases in the 20%urea sample due to the exchange of the imide rigidity to the urea plasticity.
Finally, only the 30%urea sample from the BTDA was stable to be tested and shows a rise in
activation energy due to the decrease chained mobility caused by the increased hydrogen bond
sites. The overall patterns of the samples are shown below:
PI-1 (0%) <PIU-2 (20%) < PIU-1 (10%) [LPPO and PMDA] (Table 3.4)
PIU-5 (20%) < PIU-6 (30%) <PI-2 (0%) <PIU-4 (10%) [LPPO and BTDA] (Table 3.4)
The activation energy is related to multiple factors that interfere with the movement of the
chains and prevent their slippage. The different elements show a constructive interference in the
behavior of the activation energy of Tg.
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Table 3.4: Activation energy of Tg

Sample
PI-1
PIU-1
PIU-2
PIU-3
PI-2
PIU-4
PIU-5
PIU-6

Modification
of Urea (%)
Neat
Polyimide
10
20
30
Neat
Polyimide
10
20
30

R2

Activation
Energy of
Tg
(kJ/mol)

C1

C2(K)

Reference
Temperature
(K)

7.85

76.75

303.15

0.9978

179.94

12.29
10.36
N/A

101.25
96.76
N/A

303.15
303.15
303.15

0.9989
0.9994
N/A

213.60
188.40
N/A

14.30

141.28

323.15

0.9992

202.36

18.26
11.82
12.83

169.90
172.70
136.31

323.15
323.15
323.15

0.9985
0.9974
0.9984

214.94
136.80
188.25

PIU-4 Master Curve at 50ºC
Time Temperature Superposition

TTS RSS XP01124 50C Master Curve

Figure 3.9: Time Temperature Superposition for the Activation Energy of the T g of PIU-4
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PIU-4 Master Curve at 50ºC
Time Temperature Superposition

Figure 3.10: WLF Graph of PIU-4

Figure 3.11: WLF Graph of PMDA/D400 series
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Figure 3.12: WLF Graph of BTDA/D400 series

3.3.5. Shore A Hardness Test
25mm discs were indented multiple times on both sides of the sample to account for sample
anisotropy differences during the preparation. A Shore A indenter was used to dent the samples
and obtain the Shore A hardness [41]. The results of the indentations are presented in Table 3.5.
Overall the hardness is determined by the backbone and the interaction of the polymer chains. The
main variation of diisocyanate to replace the dianhydride and include some hydrogen bonding
showed a similar trend. Furthermore, it shows the presence of the H-bonding groups in the aliphatic
component and how they affect the hardness of the polyimides. The common behavior of the
samples shows that as the H-bonding is increased, the hardness increases up to the point were the
main links of the polymer change from imide to urea. The samples had a Shore A value ranging
from 11 to 42 for PMDA and 9 to 64 for BTDA (Figure 3.15) (Table 3.5). Only the sample of
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PMDA with 30% diisocyanate in the composition did not make a sample that was possible to be
tested and it show blocking behavior by adhering to itself, which prevented the manufacture of a
disc. The H-bonding introduced by the urea linkages increased the interaction in parallel between
the chains, which is also connected to the Tg and has the same behavior. The higher interaction
between the chains increased the hardness and the T g, but the main behavior was governed by the
imide linkage over the urea linkage. The imide ring provided the stability, while the aliphatic urea
linkage provided the H-bonding as compliment.

Shore A Hardness vs. Percent of Urea
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Figure 3.13: Shore A hardness of BTDA and PMDA series
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Table 3.5: Shore A Hardness of the Polyimide Samples
Series
D400 PMDA

D400 BTDA

Sample
PI-1
PIU-1
PIU-2
PIU-3
PI-2
PIU-4
PIU-5
PIU-6

Modification of
Urea (%)
Neat Polyimide
10
20
30
Neat Polyimide
10
20
30

Shore A
10.8 ± 2.05
24 ± 0.71
41.6 ± 1.14
N/A
9.2 ± 0.45
40.4 ± 2.70
64.0 ± 1.41
56.6 ± 2.51

3.3.6. Tensile Testing
The effect of urea linkages on force per area (stress) and elongation (strain) values were
observed for the polyimides formulations containing a polypropylene oxide diamine (LPPO).
When LPPO was combined with a dianhydride, BTDA or PMDA, it made a flexible polymer [22],
the introduction of the H-bond donors from the urea increased the interaction between the chains,
and affected the tensile properties [26-28]. The results from the inclusion of the urea component
can be seen in Table 3.6 (Figure 3.16 to Figure 3.22). The properties of the polymer are improved,
providing that the main linkage is the imide ring; once the concentration of urea linkage dominates,
the stress and strain starts to decrease. The rigid imide ring has a more robust structure compared
to the urea linkages, even though it is helped by the H-bonding.
The behavior in both series is related to the dominance of the major linkage but differ in
the strain trend. In the BTDA series, first the stress values ranged from 8.3 N/mm 2 to 16.4 N/mm2
at break and 8.4 N/mm2 to 17.0 N/mm2 at max. Secondly, the strain values ranged from 79.4% to
444.2% at break and 77.5% to 438.8% at max (Table 3.6). In both cases the uppermost stress and
strain was achieved for the sample containing 20% urea and the bottommost value for the sample
containing 30% urea. The properties of the 10% urea sample were improved when compared to
the neat BTDA polyimide and fall in the middle of the series range. The only considerable change
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in behavior comes from the decrease of yield strength for the Urea samples compared to the BTDA
neat polyimide, otherwise the addition of the H-bond increases the ultimate tensile strength. In the
PMDA series, first the stress values ranged from 0.9 N/mm 2 to 3.2 N/mm2 at break and 1.0 N/mm2
to 3.4 N/mm2 at max. Moreover, the strain values ranged from 340.2% to 1057.7% at break and
318.7% to 641.6% at max (Table 3.6). The 30%Urea sample in this series did not create a proper
film that could be tested. In in the results of the stress, the highest value was achieved for the
sample containing 20% urea and the lowest value for the PMDA neat polyimide sample. In in the
outcomes of the strain, the highest value was achieved for the neat sample and the lowest value for
the sample containing 20% urea.
The results of the tensile testing support the indication that the physical properties of the
polymer can be improved with the addition of the urea linkages if it remains in the polyimide
domain. Compared to aromatic polyimides like Kapton (DuPont) and Ultem (G.E), the stress is
only a fraction of what they can achieve, but the strain is highly improved, and it is all due to the
aliphatic LPPO and the 1,6 hexamethylene diisocyanate.
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Table 3.6: Tensile Testing Results for Polyimide Polyurea Samples
Urea
Sample
(%)
PI-1

0

PIU-1

10

PIU-2

20

PIU-3

30

PI-2

0

PIU-4

10

PIU-5

20

PIU-6

30

0.0098 ±
0.001
0.024 ±
0.008
0.15 ±
0.02

Yield
Point
Stress
(N/mm2)
0.621 ±
0.06
0.627±
0.08
2.01 ±
0.05

Yield
Point
Strain
(%)
127 ±
57.2
51.3 ±
12.3
35.0 ±
5.60

N/A

N/A

N/A

N/A

157.5 ±
24.2
267.0 ±
30.3
438.8 ±
77.3
77.50 ±
18.7

2.82 ±
0.45
0.22 ±
0.07
0.11 ±
0.02
0.42 ±
0.16

9.04 ±
0.79
2.44 ±
0.50
2.67 ±
0.34
4.11 ±
0.39

7.90 ±
2.54
24.19 ±
3.22
47.0 ±
9.74
16.0 ±
3.41

Stress
at Break
(N/mm2)

Strain at
Break
(%)

Stress
at Max
(N/mm2)

Strain
(%)
at Max

Young’s
Modulus
(N/mm2)

0.87 ±
0.05
1.30±
0.20
3.21 ±
0.16

1058 ±
71.9
617.4±
87.5
340.2 ±
25.3

1.04 ±
0.11
1.40±
0.20
3.39 ±
0.16

641.6 ±
19.3
587.5 ±
106
318.7 ±
32.1

N/A

N/A

N/A

9.89 ±
0.72
11.7 ±
2.38
16.3 ±
2.23
8.28 ±
0.44

176.4 ±
36.6
292.9 ±
35.7
444.2 ±
84.6
79.42 ±
19.1

11.26 ±
0.48
11.56 ±
1.76
16.97 ±
1.81
8.44 ±
0.41

Figure 3.14: Tensile testing of PI-1 neat sample
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Figure 3.15: Tensile testing of PIU-1 10% Urea

Figure 3.16: Tensile testing of PIU-2 20%Urea
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Figure 3.17: Tensile testing of PI-2 neat sample

Figure 3.18: Tensile testing of PIU-4 (10% Urea)
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Figure 3.19: Tensile testing of PIU-5 (20%Urea)

Figure 3.20: Tensile testing of PIU-6 (30%Urea)
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3.4. Conclusions
Fully aromatic polyimides are well known to exhibit high thermal stability and resistance
to solvents, due to the interaction between the aromatic rings and the closed packing of the chains.
On the other hand, polyimides with aliphatic diamines have fewer interactions between the chains,
which lowers the thermal and physical stability that aromatic polyimides are known to exhibit. The
incorporation of the aliphatic diisocyanate introduces a urea linkage into the backbone. This
increases the flexibility of the polymer but at the same time, it upsurges the interaction in parallel
between the polymer chains. The processability of aliphatic polyimides compared to fully aromatic
polyimides is improved and the thermal and physical stability compared to the aliphatic polyimides
is enhanced. This works provides an expansion in applications for aliphatic polyimides and a
merger with polyureas. By maintaining long chain aliphatic polyetherdiamines, one could impart
flexible components into the backbone, making our polyimide-polyureas melt processable. This
allows using thermoplastic techniques such as compression molding, injection molding, and
extrusion. Thermal and mechanical properties, such as decomposition temperatures and
microhardness revealed a wider range of processability and leads to the elimination or reduction
of the solvent used for the separator layer/electrolyte composites. All of this will lead to lower
energy expenses. Rheological

analysis (1Hz) showed

glass

transition

temperatures (T g),

ranging from approximately 0.5ºC to 40.8ºC, and an increase in the rubbery plateau in the BTDA
due to the improvement provided by the hydrogen bonding. The flexible component came from
the diamine portion of the polyimide, but the modifications at the dianhydride side with the
aliphatic diisocyanate introduced a second plastic component.
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Chapter Four:
Thermomechanical Characterization of Thermoplastic Polyimide to Improve the Chain
Interaction via Crystalline Domains

Note to reader
Portions of this chapter have been previously published in Polymer Engineering and
Science, 2019, 59, 9: 1919-1932, and have been reproduced with permission from John Wiley &
Sons, Inc.

4.1. Introduction
Highly ordered aromatic backbones allow polyimides (PIs) to have superb properties
demonstrated by elevated thermal stability, solvent resistance, low coefficients of thermal
expansion, low dielectric constants, high glass transition temperatures, and superior mechanical
properties [1-5]. These characteristics make them a sustainable option in the production of highperformance products found in electronics, aerospace structural components, thermal insulation,
composites, and adhesives [6-8]. The sizeable number of monomer combinations and the different
synthetic methods [9-13] allow for their properties to be tailored depending on the suitable
application, but it comes at a monetary cost compared to other polymer classes. Hence, the
chemistry of polyimides is rather diverse with a variety of usable monomers and several
methodologies available for synthesis.
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The elevated energy cost to process these highly stable materials is due to high glass
transition and melt temperatures, which range close to their decomposition temperatures [5 7 1416]. Film coating is a common manufacturing process that involves a slurry of polyamic acid that
is cured and imidized. This process can be subject to solvolysis or hydrolysis before the ring
closure imidization [17 18]. The process is great for the manufacturing of thin films, but it will
encounter some limitations when processing complex shapes, which will require an external filling
or a backbone modification. To by-pass the manufacturing hurdles, different groups have taken
the initiative to make the polymers behave like conventional thermoplastics. To do so, the common
procedure is to break the aromaticity of the backbone [6 9 19-23] by increasing flexibility and
decreasing the different thermal transitions. To substantially lower the glass transition temperature,
it is important to incorporate aliphatic linkers as it was demonstrated by Baldwin et al. [24], which
introduced an entirely aliphatic ether as the diamine and reacted it with pyromellitic dianhydride
(PMDA), reducing the glass transition temperature significantly (51ºC–75ºC). Otherwise, the T g
remains elevated, ranging from 215ºC to over 310ºC [6 20-22], as most of the groups have shown
with their respective backbone modifications. Although these materials can be processed before
decomposition, the temperature requirements remain elevated and reprocessing or recycling is
unlikely. As the number of aliphatic linkers is increased, the flexibility of the backbone is
improved, and therefore the movement of the chains starts at a lower temperature [24]. The
approach presented by our group [19] presents a series of polyimides that were designed to have
tractable Tg using 4, 4'‐methylenebis (2, 6‐dimethylaniline)(MBDMA) with a wider range of glass
transition temperatures (22ºC to 101ºC). The flexibility introduced by the polypropylene oxide
monomers influences the outstanding thermal properties that polyimides are recognized for. The
decrease in the order of the backbone increases the solubility in previously used solvents like m-
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cresol, gamma-butyrolactone, and n-methyl pyrrolidone among others. This becomes an issue in
the current applications because the polymer will lose its structure and collapse in the performance.
The collaboration among the chains needs to be increased to promote more stable properties for
the polyimides previously explored [19].
There are different options to improve the interaction of the chains and improve the
properties of a polymer. These vary from the most extreme chemical crosslinking that turn the
polymer into a thermoset, to reversible physical crosslinking influenced by an external factor, and
finally a closer packing of the chains that could create organized lattices. Crystalline regions in the
polymer can provide some interaction between the chains that influences the thermomechanical
properties of the polymer [25]. Aromatic polyimides commonly have large crystalline regions due
to their repetitive monomers and compatibility of the structures. The usage of two aromatic
monomers provides the possibility for the entire material to be uniform and allows it to lock into
an organized conformation. When a third monomer is introduced the pattern is disrupted and the
crystallinity is affected. With the addition of an aliphatic polypropylene oxide diamine,[19] the
length uniformity between the aromatic monomers of the chains is altered. Also, the polypropylene
oxide has a small methyl pending group that acts as a protuberance and prevents a tight packing
of the backbone. Polyethylene oxide evidences tighter packing of the chains and creates defined
crystal structures [26-30]. The packing of the chains influences the behavior of the polymer
because the energy required to move the chains increases and renders the polymer more thermally
stable polymer. When polyimides have flexible backbones [19 24] their thermal transitions are
lowered and they lose the superb characteristics that they are valued for. Polyurethanes [25] are a
class of polymers that can have lower transition temperatures, but with the aid of crystalline
regions, they can perform well at higher temperatures. Herein we explore the introduction of the
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crystalline regions in a series of flexible polyimides that could improve the properties that were
diminished when the flexible monomer was introduced.
The Jeffamines® D series polyols based on a propylene oxide backbone are replaced with
the Jeffamine® EDR series, which is based on a polyethylene oxide backbone exhibiting
crystallinity [26-30]. In this material, the overall polymer does not crystallize, but there some
localized regions that crystallize to hold the polyimide chains together above the T g. The objective
of this modification is to maintain the lower temperature processability achieved with the aliphatic
diamine but recover the thermomechanical properties to compete with commercially available
products like Kapton® or Vespel® characteristics. The polymers were characterized by FTIR,
GPC, thermomechanical and calorimetric analysis, tensile testing, microhardness testing, and
WAXS.

4.2. Materials and Methods
4.2.1 Materials
3,3’,4,4’-Benzophenonetetracarboxylic dianhydride (BTDA), pyromellitic dianhydride
(PMDA), 4,4’-methylenebis (2,6-dimethylaniline) (MBDMA), and gamma-butyrolactone (GBL)
were used as received and donated by BrightVolt, Inc. (Lakeland, FL)[31 32]. Jeffamine® D230
(short polypropylene-oxide diamine, SPPO), and EDR148 (polyethylene-oxide diamine, PEO),
were donated by Huntsman, Inc. (The Woodlands, Texas). HPLC-grade tetrahydrofuran (THF)
was used as received from Sigma Aldrich. Narrow molecular weight polystyrene standards were
purchased from Fluka Analytical.
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4.2 Methods
4.2.2.1 General Procedure for Polymerization:
Polyimides with varying stoichiometric ratios of aliphatic amines monomers (Table 4.1),
were synthesized via a condensation polymerization (Figure 4.1). In each reaction, approximately
250 g of polyimides were synthesized. First, the reaction apparatus, consisting of a four-necked
glass reactor, a heating mantle, a mechanical mixer, a nitrogen line, a thermocouple and distillation
head, was set up. The 1L reactor was charged with the appropriate mixture of amines
(polyethylene-oxide diamine (PEO), short polypropylene-oxide diamine (SPPO), and MBDMA)
and blended using the mechanical mixer with Teflon blades. The mixture was warmed at 30°C for
20 minutes until it was thoroughly homogenized by using the mixer. Subsequently, a dianhydride
monomer (BTDA or PMDA) was dissolved in GBL and added to the reactor to start the
polymerization. Thereafter, the temperature was incremented to 80°C and kept under inert
conditions with N2 for 24 hours. The water formed by the closure of the imidization ring of the
polyamic acid and surplus of GBL was vacuum distilled. The mixture was kept under vacuum for
the remainder of the reaction until the solvent evaporated. The polyimide slurry yielded from the
reaction was transferred into a Teflon pan and oven cured at 200°C for 2 hours to completely close
the imidization ring. Then, it was stored in a vacuum oven at 100°C to further dry the product.
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Figure 4.1: Schematic Representation of the Polymerization of the Polyimides
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Table 4.1: Stoichiometric Formulations of Polyimides in Mole Fraction Conformation

Sample
PI-3
PI-5
PI-6
PI-7
PI-8
PI-4
PI-9
PI-10
PI-11
PI-12

Percent of
PEO
Diamine
0%
25%
50%
75%
100%
0%
25%
50%
75%
100%

PMDA

BTDA

MBDMA

SPPO

PEO

0.5
0.5
0.5
0.5
0.5
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
0.5
0.5
0.5
0.5
0.5

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.4
0.3
0.2
0.1
0
0.4
0.1
0.2
0.3
0

0
0.1
0.2
0.3
0.4
0
0.3
0.2
0.1
0.4

4.2.2.2 Fourier Transform Infrared Spectroscopy/Attenuated Total Reflectance
Thin film samples were prepared in a heated Carver hydraulic press. The films were
analyzed conducting 16 scans from 400-4000 cm-1 at room temperature using a Spectrum One FTIR (Perkin Elmer, USA) equipped with ATR. The resulting data was collected in reflection mode
and it was analyzed using Spectrum software [33 34].

4.2.2.3 Gel Permeation Chromatography
Solutions with a concentration of 5 mg per mL were created by dissolving a specific
amount of each sample into tetrahydrofuran (THF) and filtered with 0.2 micron PTFE syringe
filters. The analysis of the polyimides was done on a PL gel 5micron mixed-C column. The mobile
phase was HPLC grade THF with a rate of 5 mL per minute at 25°C. Polystyrene narrow molecular
weight standards, by Fluka, ranging from 1,180 to 1,170,000 MW, were used to calibrate a PL-50
GPC (Agilent) with RI detector and PE LC200 chromatograph.
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4.2.2.4 Wide Angle X-ray Scattering (WAXS)
To investigate the degree of crystallization of synthesized polyimides, wide angle x-ray
scattering WAXS was used. Films with a thickness between 0.1 and 0.2 mm were made using a
Carver press. X-ray diffraction patterns were collected using Bruker D8 Advance theta-2theta
diffractometer with copper radiation (Cu Kα, λ = 1.5406 Å) and a secondary monochromator
operating at 40 kV and 40 mA, in the range of 2º and 70º, with a step of 0.020º at 25ºC[35]. The
samples were done on a Bruker D8 Advance using DIFFRAC.COMMANDER software and the
data was analyzed using a DIFFRAC.EVA V4.0.

4.2.2.5 Thermogravimetric Analysis (TGA)
25-30 mg samples from each polymer formulation were assayed for temperature stability
with a TGA Q50 (TA Instruments, USA) under nitrogen atmosphere. The samples were heated
from 25ºC to 600ºC with a ramp rate of 10ºC per minute. The results were analyzed using TA Data
Analysis software.

4.2.2.6 Characterization of Glass Transition Temperature by Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA)
Differential scanning calorimetry (DSC). Analysis was carried out using a DSC 2920
differential scanning calorimeter (TA Instruments) over the temperature range -30°C to 200°C.
Temperature was calibrated using an Indium standard. The samples were cut and weighed; weights
ranged from 9 to 10 mg. Samples were first heated from room temperature to 200°C at 20°C min 1,
cooled to -30°C at 20°C min1, and reheated to 200°C at 20°C min1. The cycle processes were used
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to erase thermal history due to sample preparation and storage. The results were analyzed using
TA universal analysis software and the second heating cycle was reported.
Dynamic mechanical analysis (DMA) was done on a rheometer AR2000 with a rectangular
solid sample geometry. The samples (40 mm x 10 mm x 2 mm) were molded in a heated Carver
hydraulic press at approximately 170°C with quick cooling to room temperature under 75 Mega
Pascals. Isothermal strain sweeps were performed on the rectangular samples to determine the
linear viscoelastic regions (LVR) with an AR2000 rheometer (TA Instruments) at –50°C. The
highest strain percent within the measured LVR was chosen to characterize the sample with a
temperature ramp in oscillation mode. Ramp conditions were -100°C to 300°C at 10°C/min and
1Hz with liquid nitrogen used for cooling. The information was collected in an AR2000 rheometer
by TA instruments using a TA Rheology Advantage software. Resulting data were analyzed with
TRIOS software available from TA Instruments.

4.2.2.7 Dynamic Mechanical Analysis and Rheological Analysis for Activation Energy of T g
and Viscous Flow
Rectangular bars of 40 mm in length, 10 mm in width, and 2 mm in thickness were molded
in a Carver press. The samples were used to measure the activation energy of the glass transition
temperature (Tg). A time temperature superposition was made to calculate the activation energy
using the Williams Landel Ferry model (WLF). A range of frequencies from 0.05 to 10Hz at
constant temperatures below and above the Tg of the sample (-20 to 200 °C in 5°C increments)
were used. A common temperature of 120ºC was selected to generate the master curve of the
samples to compare the activation energies. The information was collected in an AR2000
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rheometer with a rectangular solid sample geometry by TA instruments using a TA Rheology
Advantage software and analyzed using a TRIOS software.
Discs of 25 mm in diameter and 3 mm in thickness were molded in a Carver press. The
samples were used to measure the activation energy of the viscous flow. A time temperature
superposition was made to calculate the activation energy using the Arrhenius model. A range of
frequencies from 0.001 to 100Hz at constant temperatures above the T g of the sample (160 to
240°C in 10°C intervals) was used. A minimum of 5 different temperatures was used to create the
master curve of the samples. A common temperature of 190°C was selected to create the master
curve of the samples to compare the activation energies and the zero-shear viscosities. The
information was collected in an AR2000 rheometer with 25 mm ETC plates by TA instruments
using a TA Rheology Advantage software and analyzed using a TRIOS software.

4.2.2.8 Microhardness Testing:
Discs of 25 mm in diameter and 3 mm in thickness were molded using a Carver press. The
samples were secured inside a LEICA VMHT MOT Micro-Hardness Instrument. A center point
was found, and the diamond indenter was used to mark a point on the sample. A load of 300 gf or
500 gf for a measurement duration of 15 seconds was applied for the indentation. Measurements
for each sample were taken at room temperature. The indent was measured horizontally (D1) and
vertically (D2). A total of five indentations were measured per side of the sample. The HV
(kgf/mm2) value was calculated and recorded as an indication of sample softness/hardness.
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4.2.2.9 Tensile Testing:
Films with a thickness between 0.1 and 0.2 mm were made using a Carver press. An ASTM
D638 Type 5 die was used to cut the samples in the appropriate shape. Six dog-bone samples were
cut out of each film and tested in the Shimadzu AGS-J. A 50N force transducer (Model SM-50N168) was used to test the samples. Each dog-bone was pulled at 25mm per min. The average for
the 6 trials was reported in the results. The results were recorded and analyzed using TrapeziumX
Software.

4.3 Results and Discussions
4.3.1 Infrared Spectroscopy and Proton Nuclear Magnetic Resonance
FTIR spectroscopy was conducted to prove that the polyamic acid precursor was
successfully converted into a polyimide by the closure of the imide ring via imidization and to
confirm the presence of the varying monomers that were added to the backbone. Complete
imidization was confirmed with the absence of stretching vibrations of the O-H of carboxylic acid
between 3000-3400 cm−1 and C=O of a secondary amide of the precursor at around 1655 cm −1. As
seen in the spectra, the backbone of the neat samples and other polyimides had asymmetric and
symmetric carbonyl vibrations characteristic of imides at around 1770- 1773 cm -1 and around
1702-1711 cm−1 from the dianhydrides rings. The polyimides synthesized from PMDA had
stronger carbonyl peaks than the polyimides composed from BTDA. Furthermore, all PI’s had a
C-O stretching vibration between 1090-1099 cm−1 that arose from the ether of the short
polypropylene-oxide diamine (SPPO) monomer and a C=O bending vibration from the
dianhydrides. The polyimides had an aromatic C=C stretching vibration at around 1456 cm −1
which is derived from the dianhydride monomer. The presence of the polyethylene-oxide diamine
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monomer was confirmed with the C-N stretching vibrations of the amine moiety at 1352-1306
cm−1 and the C-O stretching vibrations of the ether functional group at 1236 cm −1. The polyimide
with BTDA had a stronger absorption band for the aromatic C=C stretching vibration, which was
between 1482-1425 cm−1 since BTDA has an additional aromatic and an additional carbonyl in
between the two aromatics. The C=O stretching vibration at around 1671 cm −1 is attributed to the
carbonyl found in BTDA. The C-N stretching vibration for the polyimide with BTDA ranged from
1366-1369 cm−1. The C-N stretching vibrations for both types of polyimides with varying
dianhydrides incremented as the stoichiometric ratio of polyethylene-oxide diamine was increased.
Stretching vibrations for C-O was observed at about 1293-1247 cm −1, which is from the ether of
the polyethylene-oxide diamine.
The results of the peaks and regions are presented below (Figure 4.2 and Figure 4.3):
PI-3: ATR-IR (cm−1): 1770 cm−1 (asymmetric stretching C=O), 1711 cm−1 (symmetric stretching
C=O), 1456 cm−1 (Ar-C=C stretching), 1373-1352 cm−1 (C-N stretching), 1263 cm−1 (C-O
stretching), 1097 cm−1 (C-O stretching), and 729 cm−1(C=O bending).
PI-5: ATR-IR (cm−1): 1770 cm−1 (asymmetric stretching C=O), 1711 cm−1 (symmetric stretching
(C=O), 1456 cm−1 (Ar-C=C stretching), 1352-1306 cm−1 (C-N stretching), 1236 cm−1 (C-O
stretching), MISSING (C-O stretching), and 727 cm−1 (C=O bending).
PI-6: ATR-IR (cm−1): 1771 cm−1 (asymmetric stretching C=O), 1708 cm−1 (symmetric stretching
C=O), 1456 cm−1 (Ar-C=C stretching), 1356-1312 cm−1 (C-N stretching), 1237 cm−1 (C-O
stretching), 1099 cm−1 (C-O stretching), and 725 cm−1 (C=O bending).
PI-7: ATR-IR (cm−1): 1772 cm−1 (asymmetric stretching C=O), 1710 cm−1 (symmetric stretching
C=O), 1456 cm−1 (Ar-C=C stretching), 1358-1314 cm−1 (C-N stretching), 1237 or 1263 cm−1 (CO stretching), 1099 cm−1 (C-O stretching), and 725 cm−1(C=O bending).
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PI-8: ATR-IR (cm−1): 1772 cm−1 (asymmetric stretching C=O), 1710 cm−1 (symmetric stretching
C=O), 1456 cm−1 (Ar-C=C stretching), 1358-1314 cm−1 (C-N stretching), 1237 or 1263 cm−1 (CO stretching), 1099 cm−1 (C-O stretching), and 725 cm−1(C=O bending).
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Figure 4.2: IR samples of PI containing PMDA

PI-4 ATR-IR (cm−1): 1773 cm−1 (asymmetric stretching C=O), 1706 cm−1 (symmetric stretching
C=O), 1671 cm−1 (C=O stretching), 1483-1452 cm−1 (Ar-C=C stretching), 1364 cm-1 (C-N
stretching), 1292-1248 cm−1 (C-N stretching), 1090 cm−1 (C-O stretching), and 726 cm−1(C=O
bending).
PI-9: ATR-IR (cm−1): 1772 cm−1 (asymmetric stretching C=O), 1705 cm−1 (symmetric stretching
C=O), 1673 cm−1 (C=O stretching), 1484-1427 cm−1 (Ar-C=C stretching), 1367 cm−1 (C-N

126

stretching), 1293-1247 cm−1 (C-N stretching), 1090 cm−1 (C-O stretching), and 726 cm−1 (C=O
bending).
PI-10: ATR-IR (cm−1): 1772 cm−1 (asymmetric stretching C=O), 1706 cm−1 (symmetric stretching
C=O), 1671 cm−1 (C=O stretching), 1482-1425 cm−1 (Ar-C=C stretching), 1366 cm−1(C-N
stretching), 1293-1247 cm−1 (C-N stretching), 1092 cm−1 (C-O stretching), and 725 cm−1 (C=O
bending).
PI-11 ATR-IR (cm−1): 1773 cm−1 (asymmetric stretching C=O), 1706 cm−1 (symmetric stretching
C=O), 1671 cm−1 (C=O stretching), 1483-1426 cm−1 (Ar-C=C stretching), 1368 cm−1 (C-N
stretching), 1293-1246 cm−1 (C-N stretching), 1094 cm−1 (C-O stretching), and 724 cm−1 (C=O
bending).
PI-12 ATR-IR (cm−1): 1773 cm−1 (asymmetric stretching C=O), 1702 cm−1 (symmetric stretching
C=O), 1671 cm−1 (C=O stretching), 1482-1437 cm−1 (Ar-C=C stretching), 1369 cm−1 (C-N
stretching), 1293-1246 cm−1 (C-N stretching), 1092 cm−1 (C-O stretching), and 724 cm−1 (C=O
bending).
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Figure 4.3: IR samples of PI containing BTDA

4.3.2 Gel Permeation Chromatography
Gel Permeation Chromatography (GPC)measurements yielded weight-average molecular
weights (Mw) ranging from approximately 26,000 to 76,000 Da, number-averaged molecular
weights (Mn) ranging from approximately 11,000 to 30,600 Da, and polydispersity indices
(Mw/Mn) ranging from 2.08 to 2.71 (Figure 4.4 to Figure 4.7) (Table 4.2). The sample with a
lower Mw and Mn was PI-7 (PMDA/75% PEO), and it might be due to being partially soluble in
THF due to increase crystallinity. PI-8 and PI-12 which contained only PEO as an aliphatic
amine were insoluble in THF. The polyethylene-oxide diamine increases the crystallinity of the
polymer which reduces solubility. The sample names corresponding to the experiment number
are shown in Table A1.
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Figure 4.4: Chromatogram of sample samples of PI containing PMDA

Figure 4.5: Molecular weight distribution of samples of PI containing PMDA
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Figure 4.6: Chromatogram of sample samples of PI containing BTDA

Figure 4.7: Molecular weight distribution of samples of PI containing BTDA
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Table 4.2: Molecular Weight Characterization of Polyimides.
Mn
Sample
Percent of PEO Diamine
Mw
PI-3
0%
49310
22271
PI-5
25%
50900
20293
PI-6
50%
76396
30677
PI-7**
75%
26243
11189
PI-8*
100%
N/A
N/A
PI-4
0%
38511
18496
PI-9
25%
37857
15789
PI-10
50%
40510
140949
PI-11
75%
36054
16098
PI-12*
100%
N/A
N/A
*the samples were not soluble in THF. **partially soluble in THF

Polydispersity
2.2141
2.5083
2.4903
2.3454
N/A
2.0821
2.3977
2.7099
2.2397
N/A

4.3.3 Wide Angle X-ray Scattering (WAXS)
The arrangement of these monomers in a bulk polymer is controlled by chemical structure,
three-dimensional orientation, and processing conditions [36]. Based on these factors, polymers
could show amorphous or partially crystalline phase states. In a crystalline region, the organization
of molecules is systematic conversely to the random orientation in the amorphous phase. Wide
angle x-ray scattering provides a diffuse peak signal used to study amorphous polymers. These do
not possess long-range order and thus consist of characteristically identifiable short-range order
[37].
According to the obtained results, as shown in Figure 4.8, only two samples from the
PMDA series show defined peaks. In Figure 4.8, PI-7 75% PEO and PI-8 100% PEO have five
defined peaks in overlapping regions. The three common broad range peaks are existent in both
samples and this could be related to the PMDA and MBDMA, which are held constant in both
polymers. The other signals occur at lower 2 values; the first one is not present for the PI-7 (75%
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PEO) sample and the second appears to be half the intensity, which could be representative of the
influence of the orderly packing of the polyethylene-oxide diamine monomer. These diffused
peaks are possible due to the local packing arrangement of the molecules. The results from the first
run in the DSC confirm the presence of two different crystalline regions: one from 214ºC to 216ºC
and the other from 249ºC to 252ºC (Figure 4.9).

Figure 4.8: WAXS of PI-7 and PI-8
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Figure 4.9: DSC of PI-7 and PI-8

4.3.4 Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) was used to characterize the temperature stability (T d)
and possible solvent plus unreactive monomer retention of the polyimides. The samples were
evaluated under a nitrogen atmosphere. The thermograms of the PIs are shown in Figure 4.10. The
resultant temperature at 5% weight loss and the onset temperature are described in Table 4.3. The
diamine monomers and gamma butyrolactone used in processing have boiling points around
205ºC, the minimal loss of mass around that temperature shows that the polymers were properly
cured and dried. The stability at the onset temperature represents a relation between an ethylene
oxide backbone (PEO) and a propylene oxide backbone (SPPO). Conventional polyimides have
higher temperature stability[5 7] as their backbone is linear, well-ordered, rigid, and aromatic.
Aromatic polyimides are recognized for having high thermal stability, but when the aromaticity is
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decreased with the incorporation of aliphatic monomers, the temperature stability decreases [19
24]. The polyimides synthesized exhibit thermal onset stabilities that decrease as the glass
transition temperatures decrease. The main variation in both series was the exchange from a
polypropylene oxide diamine to a polyethylene oxide diamine. The change in monomers had the
purpose of removing methyl pending groups and promoting the orderly packing of the chains [2830].

Figure 4.10: Thermogram of Polyimide Based on PMDA and BTDA
In the BTDA series, it showed that with the increase in concentration of the polyethyleneoxide diamine the temperature stability increased. The T d values ranged from 366ºC to 384ºC
(Table 4.3). In the PMDA series, the trend continues where the temperature stability increased as
the methyl pending groups in the polymer were reduced. The thermal stability T d varied between
352ºC to 381ºC (Table 4.3). The crystallinity introduced increases thermal stability. The
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decomposition temperature (Td) exceeded 350ºC (Figure 4.10) for all formulations, confirming
that the monomer and solvent were eliminated during the curing and drying process. The
information provided by TGA testing determines suitable temperature ranges for dynamic
mechanical analysis and differential scanning calorimetry.

Table 4.3: Onset Temperature and 5% Loss
Sample
PI-3
PI-5
PI-6
PI-7
PI-8
PI-4
PI-9
PI-10
PI-11
PI-12

Percent of
PEO
Diamine
0%
25%
50%
75%
100%
0%
25%
50%
75%
100%

Temperature at 5% loss
(Td) (ºC)

Temperature at Onset Point
(ºC)

352.77
360.18
363.12
371.56
381.05
366.82
379.61
383.90
374.21
384.55

373.95
379.01
378.40
380.81
396.72
379.77
388.89
390.04
404.91
400.75

4.3.5 Characterization of Glass Transition Temperature by Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA)
The glass transition temperature (Tg) was measured by two different techniques, dynamic
mechanical analysis (DMA) (Figure 4.11 and Figure 4.12) and differential scanning calorimetry
(DSC) (Figure 4.13). The different techniques allowed a detailed characterization of this important
transition. In the DMA, the Tg was taken from the peak of the alpha transition from the loss
modulus G” and the tan

(Figure 4.11 and Figure 4.12). The Tg in the DSC manifests as a step

decrease in the heat capacity of the polymer and will be defined here as the midpoint of the curve
between the original baseline heat capacity and the resulting heat capacity (Figure 4.13). At the
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three different temperatures, the polymer long chain segmental motion is measured by a change in
the baseline of the DSC, an increase in the loss modulus before a large drop and finally an increase
in the tan

close to one in the ratio of the loss modulus G” over the storage modulus G’. In this

set of series, the main variation is the change of pending groups in the aliphatic linker to study the
contribution to polyimides having lower transition temperatures but still perform as robust
polyimides.
The glass transition temperatures in these polyimides are dominated by the absence of
methyl pending groups in the aliphatic diamine and the organized packing between the polymer
chains. The SPPO has a propylene oxide backbone while the PEO has an ethylene oxide backbone.
The glass transition temperature varies from 49ºC to 99ºC from G” and 69ºC to 123ºC from the
loss factor tan (Figure 4.11 and Figure 4.12), and 77ºC to 130ºC from DSC (Figure 4.13) (Table
4.4). The common behavior regarding the glass transition is that as the backbone has less pending
groups, the packing can be tighter which allows for a better organization and some crystalline
regions can arise from this. The tighter packing allows for some physical stability in the sample
above the Tg that leads to a large rubbery plateau (Figure 4.11 and Figure 4.12). These regions can
be appreciated for the samples containing PMDA and PEO with a percentage of SPPO no greater
than 25% of the monomer count. Some outlier to the trends, especially in the DMA method, must
do with the combination between propylene oxide (SPPO) and ethylene oxide (PEO), which is due
to the different structures that can organize well enough when they are alone but when mixed they
create some void spaces in the packing. Due to the oscillatory movement in the DMA technique,
the chain’s slippage can start in those regions at lower temperatures. The behavior of the pending
groups affects the Tg and the activation energy required to make the transition happen.
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Figure 4.11: Glass Transition Temperature of PMDA Series (1=G’, 2=G”, and 3=Tan )

Figure 4.12: Glass Transition Temperature of BTDA Series (1=G’, 2=G”, and 3=Tan )
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Figure 4.13: Glass Transition Temperature of PMDA and BTDA series from DSC

Table 4.4: Glass Transition Temperatures
Series

PMDA

BTDA

Sample
PI-3
PI-5
PI-6
PI-7
PI-8
PI-4
PI-9
PI-10
PI-11
PI-12

Percent of
PEO
Diamine
0%
25%
50%
75%
100%
0%
25%
50%
75%
100%

Tg from
Tan ( )
(ºC)
77.45
91.81
83.82
104.95
123.94
69.24
91.80
90.90
81.54
110.53

Tg from
G” (ºC)

Tg from
DSC (ºC)

59.47
63.77
64.39
68.28
99.09
49.17
55.29
47.82
63.28
82.15

77.03
114.74
116.36
127.11
130.52
79.31
82.15
79.02
107.28
119.65

Storage
Modulus
at -50ºC
1.43E+09
1.69E+09
1.66E+09
1.65E+09
1.54E+09
1.92E+09
1.73E+09
1.89E+09
1.91E+09
1.76E+09
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4.3.6. Dynamic Mechanical Analysis and Rheological Analysis and Activation Energy of T g
and Viscous Flow
Dynamic mechanical analysis was performed on rectangular solid samples under linear
viscoelastic (LVE) strains determined from isothermal strain sweeps. Frequency sweeps at a
constant temperature under these LVE-determined strains yielded transitions as frequency
dependent increases of storage modulus G’ and loss modulus G”. Different temperatures, starting
below the glass transition until the sample lost its structure, were used to determine a broad range
of storage modulus G’ and loss modulus G” at different temperatures and frequencies. Due to the
constraints of the rectangular solid sample geometry, dynamic mechanical data after the glass
transition (Tg) cannot be obtained because of a loss of rigidity and sample integrity within the
geometry. The behavior of all the samples was common by having a large storage modulus G’
close to 109 Pa when the temperature was below the Tg and the frequency was on the upper region
of the measurement. At the end of the experiment, the moduli dropped 3 to 4 orders of magnitude
close to 105 Pa (Figure 4.11 and Figure 4.12); this was achieved at low frequencies and higher
temperatures.
The study of the activation energy of the glass transition temperature was conducted using time
temperature superposition (TTS) [38] (Figure 4.14) and the Williams Landel Ferry plots (WLF)
(Figure 15 to Figure 17) [39 40]. A common reference temperature, in the viscoelastic region of
the single frequency temperature ramp, was selected. The reference temperature is typically
situated between the glass transition temperature and T g +100°C since this interval is valid to apply
the WLF equation [39-41]. The temperature selected was 120ºC for all series. The TTS plot allows
the creation of a master curve for each polymer composition. The WLF plot is then created from
plotting the shift factor aT [39-41], which represents the ratio of any mechanical relaxation time at
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temperature T to its value at a reference temperature T0, with respect to temperature. The free space
(ƒg) and coefficient of thermal expansion (αƒ) are used to define C1 (B/2.303ƒg) and C2 (ƒg/αƒ).
(1)

𝐿𝑜𝑔(𝑎 ) =

−𝐶 (𝑇 − 𝑇 )
𝐶 + (𝑇 − 𝑇 )

From the fitting of the curve using the WLF equation is it possible to obtain the C1
(B/2.303ƒg) and C2 (ƒg/αƒ) material constants [39 40]. Equation (2) was used to determine the
activation energy, ∆𝐸 :
(2)

∆𝐸 = 2.303

𝐶
𝐶

𝑅𝑇

where R the universal gas constant, T is temperature and Tg is the glass transition temperature, all
of them in Kelvin.
The activation energy of Tg was lower than the samples that contained a major presence of
methyl pending groups, which indicated that the introduction of crystalline regions increased the
activation energy of Tg. The results presented in Table 4.5 show that the C1 constants varied from
10.0 to 47.4, the C2 constants ranged from 128.7K to 465.6K [39], and the activation energies
fluctuated from 173.1 to 369.2 kJ/mol. C1 and C2 vary from the universal constants of 17.4 and
51.6 [39 40]. This could be due to the three monomers that are interacting. Their different
structures affect the fractional free volume and the thermal coefficient of expansion of the
fractional free volume, which causes them to deviate from the standard.
The two flexible diamines were a factor that needed some consideration: SPPO has a propylene
oxide backbone that incorporates short methyl groups grafted into the backbone and PEO has an
ethylene oxide backbone. A similar trend is also apparent in the dianhydrides, the extra aromatic
ring in the BTDA compared to the PMDA increases Tg and overall activation energies when
keeping everything else the constant. The molecular weight of the sample can affect the T g and
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consequently, the activation energy. Low molecular weight will not reach a critical entanglement
point, which will lower the Tg subsequently the activation energy of the transitions [39]. The
backbone contributed to a change in activation energy, but the main influence was the impact of
the methyl pendant groups added to the polymer and the influence in the tighter packing of the
chains. The alignment order of the chains increases as the ethylene oxide content increases. When
only the short polypropylene-oxide diamine (SPPO) or the polyethylene-oxide diamine (PEO) are
present in the backbone the pattern is consistent and the repeating units can align in an organized
manner. Once there is a mixture of the two monomers the packing is affected. In this case, the
methyl pendant groups create void spaces. The C 1 and C2 are related to the free space and
coefficient of thermal expansion constants and their effects can be seen in the behavior of the
polymers. When the free volume at Tg ƒg increases the C1 decreases and C2 increases. As the
amount of polyethylene-oxide diamine reaches 75% and 100% the ratio of C 1 over C2 increases
due to a tighter packing and by consequence higher activation energy. The samples with 50% PEO
in the PMDA series and the 25% PEO in the BTDA series have the lowest activation energy, which
can be due to the interference of the two aliphatic diamine monomers creating free spaces between
the chains, impeding an organized alignment. The activation energy is related to the T g; with a
high glass transition temperature, the activation energy needed to promote the slippage of the main
chains needs to be greater. The overall pattern of the samples is shown below:
PI-6 (50%) < PI-3 (0%) < PI-5 (25%) < PI-7 (75%) <PI-8 (100%) [PMDA]
PI-9 (25%) < PI-11 (75%) < PI-10 (50%) < PI-4 (0%) < PI-12 (100%) [BTDA]
The activation energy is related to multiple factors that interfere with the movement of the
chains and prevent their slippage. The different elements show constructive interference in the
behavior of the activation energy of Tg. While this information is vital for the behavior of the
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material, most polymers are processed in a viscous form. Polyimides tend to have high thermal
transitions and sometimes decompose before their rheological properties can be studied. The lower
transitions of these polyimides allow the characterization of the viscous flow and the activation
energy required for processing.
TTS RSS PI-12 120ºC Master Curve

Figure 4.14: Time Temperature Superposition for the Activation Energy of the T g of PI-12
100%EDR148 (PEO)
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TTS RSS PI-12 120ºC Master Curve

Figure 4.15: WLF Model for PI-12 100%EDR148 (PEO)

Figure 4.16: WLF Model for PMDA Series
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Figure 4.17: WLF Model for BTDA Series

Table 4.5: Activation Energy of Tg for Polyimides
Sample
PI-3
PI-5
PI-6
PI-7
PI-8
PI-4
PI-9
PI-10
PI-11
PI-12

Percent of
PEO
Diamine
0%
25%
50%
75%
100%
0%
25%
50%
75%
100%

C1

C2 (K)

9.98
14.46
7.87
47.45
34.70
28.99
14.14
23.87
22.68
30.18

128.66
163.05
134.60
465.63
278.16
250.72
159.11
215.13
210.81
253.71

Reference
Temperature
(K)
393.15
393.15
393.15
393.15
393.15
393.15
393.15
393.15
393.15
393.15

R2
0.9984
0.9995
0.9990
0.9994
0.9945
0.9980
0.9953
0.9931
0.9981
0.9976

Activation
Energy of Tg
(kJ/mol)
229.50
262.55
173.12
301.57
369.19
342.17
263.04
328.39
318.45
352.05
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TTS PI-5 25%EDR148 190ºC
Master Curve

Figure 4.18: Time Temperature Superposition Master Curve for PI-5 25%EDR148 (PEO)
TTS PI-5 25%EDR148 190ºC
Master Curve

Figure 4.19: Arrhenius Model PI-5
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Figure 4.20: Arrhenius Model for PMDA Series

Figure 4.21: Cox Merz Transformation for Zero Shear Viscosity (PMDA)
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Figure 4.22: Arrhenius Model for BTDA Series

Figure 4.23: Cox Merz Transformation for Zero Shear Viscosity (BTDA)
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Polymers are usually molded into their final product using different techniques [42-45].
Each method requires a different set of parameters [44], but in the end, they are all related to the
viscosity of the sample. The viscosity of a material can be influenced by shear rate, frequency,
temperature, molar mass, or an external influence like a solvent (Figure 4.18, Figure 4.21 and
Figure 4.23). Rheological studies allow one to determine the characteristics of a polymer under
processing conditions. Equation (3) was used by the Trios software to calculate activation energy
where log(aT) is the shift factor, Ea is the activation energy, R is the universal gas constant, T0 is
the initial temperature in Kelvin and T is the temperature in Kelvin[25].

(3)

2.303 log(𝑎𝑇) = −

𝐸 1 1
−
𝑅 𝑇
𝑇

The Vogel-Fulcher-Tammann type equation (4) was used to fit the temperature dependence
of dynamic viscosity with given for constants, 𝐴0 and 𝑇0.[46] It is then simplified to the equation
(5) to obtain Ea.
(4)

ln(𝜂) = ln(𝐴 ) +

(5)

𝐸
1
(
)
𝑅 𝑇−𝑇

𝑆𝑙𝑜𝑝𝑒 = 𝑇 ∗ =

𝐸
𝑅

The flow behavior of the polymers was clearly affected by the modifications incorporated
into the backbone. The change from the propylene oxide to the ethylene oxide shows an increase
in the zero-shear viscosity at 190ºC (Table 4.6). Therefore, the close packing of the chains results
in an increase in viscosity. The sample with PMDA and 100% PEO did not flow at 190ºC and is
supported by DSC scans that reveal a crystalline region above the 190ºC temperature (Figure 4.9).
The WAXS results (Figure 4.8) also verify this behavior. The results from the rheological studies
are used to determine the activation energy obtained via the time temperature superposition master
curve, using the Arrhenius model. The activation energy depicts the influence of the methyl
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pending groups on chain packing. The mixture of the polyethylene-oxide diamine and the short
polypropylene-oxide diamine creates void spaces in the polymer packing. This allows the flow to
occur at lower temperatures or lower viscosities at a constant temperature. It can be seen in the
low activation energies of both a one:one mixture of PEO and SPPO as void spaces in the packing
reach the maximum.
Table 4.6: Activation Energy of Viscous Flow for Polyimides
Activation Energy of
Reference
Viscous Flow
Temperature (K)
(kJ/mol)

Sample

Percent of
PEO Diamine

Zero Shear
Viscosity (Pa.s)

PI-3

0%

142.22

463.15

849.692

PI-5

25%

166.55

463.15

1997.69

PI-6

50%

81.55

463.15

890.695

PI-7

75%

306.51

463.15

697117

PI-8

100%

N/A

463.15

N/A

PI-4

0%

166.87

463.15

2433.00

PI-9

25%

102.93

463.15

3666.50

PI-10

50%

95.58

463.15

174629

PI-11

75%

136.89

463.15

40607.7

PI-12

100%

137.27

463.15

1157990

Extrusion molding is one of the common techniques used during the processing of polymer
samples. This technique requires a viscosity of about 1000 Pa.s [44], from the results in Figure
4.21 and Figure 4.23, the polyimides show that they can be processed above their T g and below
the Td.
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4.3.7. Microhardness
25mm discs were indented multiple times on both sides of the sample to account for any
morphological differences during the sample preparation. 300gf and 500gf were used as the
indentation force to mark the samples and obtain a diamond shape pattern that was measured to
obtain the hardness from equation (6). The results of the indentations are present in Table 4.7.

(6)

𝐻𝑉 =

136°
2 = 1.854 𝐹
𝑑
𝑑

2𝐹𝑠𝑖𝑛

Table 4.7: Microhardness Results for Polyimides
Sample

Percent of PEO
Diamine

PI-3

0%

PI-5

25%

PI-6

50%

PI-7

75%

PI-8

100%

PI-4

0%

PI-9

25%

PI-10

50%

PI-11

75%

PI-12

100%

d1

d2

248.60 ±
4.93
242.39 ±
11.2
275.43 ±
8.00
232.34 ±
10.4
154.74 ±
6.27
196.96 ±
5.76
153.80 ±
3.00
160.30 ±
3.90
189.89 ±
7.46
189.33 ±
2.55

249.40 ±
1.43
240.87 ±
8.29
273.28 ±
7.74
233.26 ±
4.31
151.28 ±
7.78
198.21 ±
4.72
158.40 ±
2.80
170.20 ±
8.80
194.82 ±
8.49
191.26 ±
2.77

HV
(kgf/mm2)
14.97 ± 0.33
15.90 ± 0.69
12.30 ± 0.66
17.12 ± 0.91
23.83 ± 1.64
23.77 ± 0.82
22.90 ± 0.50
20.40 ± 1.10
25.17 ± 1.77
25.62 ± 0.55

HV
(MPa
)
146.8
± 3.24
155.9
± 6.77
120.6
± 6.47
167.9
± 8.92
233.7
± 16.1
233.1
± 8.04
224.6
± 4.90
200.1
± 10.8
246.8
± 17.4
251.3
± 5.39

Overall, the hardness is determined by the organized packing of the chains. The main
variation of the polyethylene-oxide diamine shows a similar trend. The results of the presence of
the methyl pending groups in the aliphatic component and how they affect the hardness of the
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polyimides are shown in Table 4.7. The hardness of the samples has a common dip in value for
the sample that has equal amounts of the aliphatic amine with and without methyl pending groups.
This could be due to a chain interaction that behaves as a void in the arrangement of the chains
and creates some free space. The samples where the polyethylene oxide diamine (PEO) dominates
have a higher HV value ranging from 17 to 24 kgf/mm2 for PMDA, and 25 kgf/mm2 for BTDA,
while the samples where the short polypropylene oxide diamine (SPPO) dominates have a lower
value ranging from 15 to 16 kgf/mm2 for PMDA and 23 kgf/mm2 for BTDA. The lowest HV
hardness was seen for the 1:1 sample with a value of 12 kgf/mm 2 for PMDA and 20 kgf/mm2 for
BTDA. The tight packing of the chains creates a more compact material that is harder, while any
free space disrupts the organization and lowers the hardness. The harder samples where the
polyethylene-oxide diamine dominates are also the samples with higher T g values, which shows
the behavior of the pending groups in the overall properties of the polyimide.

Vickers Hardness vs. Percentage of EDR 148
Vickers Hardness (kgf/mm2)
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Figure 4.24: Vickers hardness data of BTDA and PMDA series
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4.3.8. Tensile Testing
The influence of crystalline regions on stress and strain values were observed for the
polyimides formulations. When SPPO was combined with the BTDA and PMDA dianhydride, it
made a flexible polymer [19]. After the introduction of PEO, there was a decrease in methyl
pending groups from a polypropylene oxide diamine to a polyethylene oxide diamine; this
increased the interaction between the chains and affected the tensile properties [47-49]. The results
from the tensile test can be seen in Table 4.8 (Figure 4.25 to Figure 4.34). The tensile properties
of the polymers are improved with the substitution of the short polypropylene-oxide diamine
monomer for the polyethylene-oxide diamine monomer.

Table 4.8: Tensile Testing Results for Polyimide Samples
Sample

Percent
of PEO
Diamine

PI-3

0%

PI-5

25%

PI-6

50%

PI-7

75%

PI-8

100%

PI-4

0%

PI-9

25%

PI-10

50%

PI-11

75%

PI-12

100%

Stress
at Break
(N/mm2)
28.15 ±
3.45
53.71 ±
2.56
34.95 ±
2.95
58.66 ±
4.47
67.32 ±
6.25
44.94 ±
6.28
44.13 ±
3.10
40.83 ±
5.55
50.49 ±
5.26
83.42 ±
7.75

Strain at
Break (%)
2.23 ±
0.50
3.69 ±
0.11
2.68 ±
0.14
3.69 ±
0.71
7.97 ±
2.09
2.36 ±
0.54
2.46 ±
0.38
3.56 ±
0.66
2.73 ±
0.46
3.94 ±
0.19

Stress
at Max
(N/mm2)
28.15 ±
3.45
53.71 ±
2.56
34.95 ±
2.95
61.64 ±
2.83
67.32 ±
6.25
44.94 ±
6.28
44.13 ±
3.10
43.52 ±
3.63
50.49±
5.26
83.42 ±
7.75

Strain
(%)
at Max
2.23 ±
0.50
3.69 ±
0.11
2.68 ±
0.14
3.92 ±
0.53
7.97 ±
2.09
2.36 ±
0.54
2.46 ±
0.38
3.39 ±
0.56
2.73 ±
0.46
3.94 ±
0.19

Young’s
Modulus
(N/mm2)
18.26 ±
2.36
18.96 ±
1.86
19.20 ±
4.13
22.40 ±
1.90
17.01 ±
3.83
28.34 ±
5.86
22.42 ±
1.70
17.99±
3.02
23.44 ±
2.31
26.94 ±
3.15
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Figure 4.25: Tensile testing of polyimide PI-3

Figure 4.26: Tensile testing of polyimide PI-5
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Figure 4.27: Tensile testing of polyimide PI-6

Figure 4.28: Tensile testing of polyimide PI-7
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Figure 4.29: Tensile testing of polyimide PI-8

Figure 4.30: Tensile testing of polyimide PI-4
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Figure 4.31: Tensile testing of polyimide PI-9

Figure 4.32: Tensile testing of polyimide PI-10
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Figure 4.33: Tensile testing of polyimide PI-11

Figure 4.34: Tensile testing of polyimide PI-12
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The behavior in both series is related to the dominance of the major linkage but differs in
the strain trend. In the BTDA series first, the stress at max values ranged from 40 N/mm 2 to 83
N/mm2. Secondly, the strain at max values ranged from 2.4% to 3.9%. In the PMDA series first,
the stress values ranged from 28N/mm2 to 67 N/mm2. Moreover, the strain values ranged from
2.2% to 8.0% (Table 4.8). In both cases, the uppermost stress and strain were achieved for the
sample containing 100% PEO as the aliphatic monomer. The fracture of most of the samples was
in the elastic strain region which explains the same values for ultimate tensile strength and fracture
strength to be the same.
The results of the tensile testing support the indication that the polymer physical properties
can be improved by promoting an orderly packing of the chains that could lead to crystalline
regions within the polyimide. Compared to aromatic polyimides like Kapton ® (DuPont), stress is
only a fraction of what they can achieve, but the upper values of the 100% PEO samples are closer
to Ultem® (G.E) while keeping the Tg at a lower temperature. The strain is highly improved, and
it is all due to the aliphatic polyethylene-oxide diamine and the ability to crystallize from
polyethylene oxide [29].

4.4. Conclusions
The effects of the methyl pending groups in the backbone are noticeable in the arrangement
of the polymer chains. Fully aromatic polyimides are well known to exhibit high thermal stability
and resistance to solvents, due to the interaction between the aromatic rings and the closed packing
of the chains. The uniformity of the monomers allows for an organized packing into crystalline
lattices. On the other hand, amorphous polyimides with aliphatic diamines have fewer interactions
between the chains which lowers the thermal and physical stability that aromatic polyimides are
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praised for. The incorporation of the aliphatic polyethylene oxide diamines introduces a region in
the backbone which increases the alignment of the polymer strands, which increases the interaction
between the polymer chains. The processability compared to fully aromatic polyimides is
improved and the thermal and physical stability compared to the aliphatic polyimides is enhanced.
This works provides an expansion for aliphatic polyimides. By maintaining long chain aliphatic
polyetherdiamines, we could impart flexible components into the backbone, making our
polyimides melt processable using typical thermoplastic techniques, such as compression molding,
injection molding, and extrusion. Thermal and mechanical properties, such as microhardness and
decomposition temperatures, were also characterized. The larger forms processability of the
material provides the elimination or reduction of the solvent used for the separator layer/electrolyte
composite. The advantage of the flexible polyimide with a lower T g comes from the manufacturing
process because different options could be used and at lower energy expenses. The rheological
analysis showed glass transition temperatures (Tg) ranging from approximately 69ºC to 124ºC
according to tan

peaks at 1 Hz and an increase in the rubbery plateau showing the improvement

provided by crystalline regions. The flexible component came from the polyethylene oxide
diamine monomer in the polyimide, which also works to provide the uniform sequence in the chain
that allows the lattices that connect and hold the polymer above the T g extending its range of
usability.
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Chapter Five:
Flexible Polyimide Nanofibers Made by Electrospinning: Fabrication and Characterization

5.1. Introduction
Electrospinning employs an electrostatic potential to create nanofibers from viscoelastic
polymer solutions or polymer melts [1-3]. This well-established versatile technique produces
fibers with diameter sizes in the micro and nanometer range [2 4 5]. Electrospinning develops
when a polymer solution or melt emits a charged fluid jet in the presence of an electric field [6 7].
When the electric field force reaches a certain threshold, the charged polymer overcomes the
surface tension and the jet undergoes a series of vigorous stretching and splaying until it reaches a
grounded target, thereby completing the circuit [6]. Different factors need to be taken into
consideration to electrospin a polymer. Material characteristics such as viscosity, conductivity,
molecular weight, and surface tension, as well as processing parameters, such as applied electric
field, the distance between the tip and the collector, feeding rate, air temperature, and humidity
need to be tailored for the desirable properties of the final product [1 2 8].
The electrospinning technique produces highly porous membranes with structural integrity.
The nanofiber frameworks are extremely tunable, the fiber size can be tailored to determine the
surface to volume ratio, the porosity, and the malleability of the membrane [9]. Electrospun fabrics
have been proven to be an outstanding candidate for tissue engineering [10], protective clothing
systems [11 12], and filtration systems [11 13-16]. Extensive diversity of polymers has been
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electrospun to generate porous membranes.

The list includes polyethylene, polystyrene,

polylactides, polyurethanes (PUs), poly(vinylidene fluoride), and polyamides [6 11 17] among
others. These illustrate that different properties are needed when creating fibers. The large variety
of structural backbones sustains a vast possibility of applications.
Polyimides (PI) are considered thermoplastic, a type of polymer that possesses excellent
properties. High thermal stability, solvent resistance, low coefficients of thermal expansion, low
dielectric constants, high glass transition temperatures, and superior mechanical properties [18-20]
make polyimides versatile for widespread uses. Moreover, it is widely utilized in industries such
as automotive, sporting goods, electronics, aerospace structural components, thermal insulation,
composites, and adhesives [21-25]. Polyimides like Torlon® show to have a lower water absorption
[26], which could prove to be effective in a water filtration application [13]. Polyimides like P84 ®
can be used for filtration [11], but their rigid structure requires film casting to produce membranes
[27]. Aromatic polyimide fibers can be produced as flame retardant functional textiles [12], due
to their aromatic backbones. Their aromatic backbone allows to create a stable structure [28],
despite the non-melting aromatic, halogen-free structure it is classified as non-flammable. But the
aromatic structure makes them rigid and create cotton-like fibers that could be applied in woven
or non-woven materials, as well as reinforcements for composite materials [12]. The different
monomer usage shown in the different materials proves the vast architecture of polyimides [2933], which shows that in the right conditions a material could be developed for different targets.
Even bio-based polyimides [34 35] could be later be modified to make membranes. Not only
internal modifications could allow making the membranes more effective but external elements
could improve their properties [36 37] and expand its applications.
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Our current research focuses on flexible polyimides (PI) [38] to increase the processability
for conventional processing methods without the need to process them as a resin.[26] Polyimides
have shown to be functional air filters using the electrospinning method to develop highly
permeable membranes with structural integrity from polymer solutions or polymer melts [28 39].
The flexible properties of soft polyimide allow us to explore the electrospinning process. Similar
to the work done by Julien et al.[36], the lower thermal characteristics of these polyimides [38]
could be used to create uniform fiber membranes. The low thermal transition of the aliphatic
polyimides could reduce the usage of solvents by switching to a fiber extrusion equipment [40]
which will need to be explored for large scale manufacture.
The previous characterization of flexible polyimides [38 41 42] has shown that our polymer
is ultrasoft with a shore A hardness of 11, which can be enhanced with the interaction between the
polymer chains. After modifying the polyimides, the characteristic obtained permit us to explore
different processing methods. We are now looking at the effect of transforming the PI to fiber
membranes to investigate whether the thermal and mechanical properties are affected, and new
applications can be derived from the processing of the material. In these studies, the utilization of
thermal and mechanical testing methods was completed to compare the characteristics of
electrospun polymers with the bulk PI. Thermal properties were examined by differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), and rheology to ensure the processing
conditions of the polyimide and analyzed the behavior of the product made. Mechanical
characterization was done by tensile testing and morphological studies on the fiber membranes
were done using scanning electron microscopy (SEM). Finally, a filtration analysis was used to
determine the usability of the material and its possible application.
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5.2. Materials and Methods
5.2.1. Materials
Pyromellitic dianhydride (PMDA), 4,4’-Methylenebis (2,6-dimethylaniline) (MBDMA),
and Gamma-Butyrolactone (GBL) were used as received and donated from BrightVolt, Inc.
(Lakeland, FL) [9]. Jeffamine® D400 (long polypropylene-oxide diamine (LPPO)) was donated
by Huntsman, Inc. (The Woodlands, Texas). HPLC-grade Tetrahydrofuran (THF) and Methylene
Chloride (DCM) were used as received from Sigma Aldrich. Narrow molecular weight polystyrene
standards were purchased from Fluka Analytical.

5.2.2. Methods
5.2.2.1. General Procedure for Polymerization
Approximately 250 g of polyimide were synthesized via a condensation reaction in a 1 L
four-necked glass reactor with a heating mantle, utilizing a mechanical mixer with Teflon blades,
a nitrogen line, a thermocouple, and a distillation head. In the four-necked glass reactor, the
dissolved mixture of diamines (Jeffamine® D400 (LPPO) and MBDMA) was added and mixed
with the mechanical stirrer. The mixture was warmed to 30°C for 20 minutes and nitrogen purged
until it was completely homogenized. The dianhydride (PMDA) was first dissolved in GBL and
then added to the reactor. Then, the temperature was increased to 80°C. The mixture was kept at
this temperature for 24 hr under a nitrogen atmosphere. The mixture was vacuumed to extract the
water formed as a bi-product during the imidization of the polyamic acid. The product was oven
cured at 200°C for 2 hours to completely close the imide ring, and dried in a vacuum oven at 100°C
to remove moisture and excess solvent. The schematic representation of the polyimide reaction is
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presented in Figure 5.1, based on the stoichiometric formulations (Table 5.1) and the polymer
obtained had a molecular weight of 44000 Da (Figure 5.2).

Table 5.1: Stoichiometric Formulation of Flexible Polyimide
Sample

PMDA

TMMDA

D400 (LPPO)

XP0177 (PI-1)

0.50

0.10

0.40

5.2.2.2. Electrospinning Process
For the electrospinning process, 3 mL of Polyimide solution (30% w/w of polyimide in
DCM and 30% w/w of polyimide with in DCM) was used to fill a syringe. A 27-gauge needle with
a flat tip was used as a spinneret. A collection distance of 20 cm was used, and a fixed voltage of
20 kV was applied at a feeding rate of 3 ml/min.

5.2.2.3. Thermogravimetric Analysis
A TA instruments Q50 thermogravimetric analysis (TGA) equipped with a standard
furnace was used to detect the degradation temperature of the polymer. A sample weight between
20-30 mg was placed on a tared 100 mL platinum pan. Measurements were carried out under
nitrogen atmosphere as the samples were heated to 600°C at a heating ramp rate of 10°C/min.
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Figure 5.1: Synthetic Procedure for the Formation of Polyimide-Polyurea Copolymer
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Figure 5.2: Molecular Weight of XP0177 (PI-1) sample.

5.2.2.5. Characterization of Glass Transition Temperature by Differential Scanning
Calorimetry (DSC) And Dynamic Mechanical Analysis (DMA)
DSC analysis was performed using a TA instruments 2920 Differential Analysis
Calorimeter to obtain glass transition temperature (Tg) and melt temperature (Tm) of the polymer
and polymer membranes. The heat-cool-heat method was utilized with a starting temperature of
−50°C and then heated to 150°C at a ramp rate of 20°C/min under a nitrogen purge to ensure all
samples had their thermal history erased. The samples were then cooled down to −50°C, using a
refrigerated accessory, with a similar ramp rate and then reheated to 200°C. The T g values were
taken from the first and second heating run.
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5.2.2.6. Scanning Electron Microscopy
A Hitachi S-800 SEM, which has a magnification power of 300,000 times the actual sample
size, was used in this work [Source NREC USF]. Scanning electric microscope (SEM) images
provided detailed information about fiber diameter, bead formation, and morphological quality of
the fibers and fiber membranes.

5.2.2.7. Tensile Testing
Tensile strength characterization was done using Shimadzu AGS-J tensile tester equipped
with a 50 N load cell to measure the displacement of samples. All tensile testing was done at a
crosshead speed of 25 mm/min at room temperature according to ASTM D638. Dog bone cut
samples from compression molded and fiber membrane samples had thicknesses, ranging from
0.09 to 0.20 mm; triplicate samples were tested, and an average strength was reported.

5.2.2.8. Filtration Analysis
Each vial was prepared with an 18mm circle of the nanofiber membrane. The thickness of
each sample was measured and recorded before and after filtration. Different water-insoluble
particles were used to test the filtration capabilities and reusability of the fiber membranes. Carbon
black (<20µm), diamond dust (3-5µm), and cobalt oxide (50nm) particles were used to create a
saturated mixture. The first solution consisted of 50-60mg/20ml of industrial diamond powder
(1.5-3µm). The second solution contains 25-30mg/20ml Cobalt oxide (50nm). The water
suspension was placed in the container to be filtered by the polyimide. The filtration efficiency
was measured by comparing the initial weight of the particles to the collected sample. The
membranes were dried before the measurements were taken to prevent any moisture retention. The
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polyimide membranes were reanalyzed multiple times with an additional 20ml DI water to
determine the integrity of the fabric and ensure the material can perform during multiple cycles.

5.3. Results and Discussion
5.3.1. Thermogravimetric Analysis
The polyimide sample was tested for thermal stability and eliminations of any unreactive
material using thermogravimetric analysis. Based on the results of the TGA, the aliphatic
polyimide has a lower temperature stability compared to aromatic polyimides. A T d of 328ºC is
considerably low compared to commercial polyimides like Kapton ® which has a Td over 500ºC.
Because the polyimide mat is designed to work at room temperature, the temperature stability
achieved by the sample is accepted for the material purpose. The sample stability at around 205ºC
does not show any change in the thermogram. This shows that any traces of unreactive monomer
or residual solvent was eliminated during the drying process of the sample.

5.3.2. Characterization of Glass Transition Temperature by Differential Scanning
Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA)
The glass transition temperature (Tg) of the sample is an important thermal property for the
material not only for the processing but also for its application. An elastic material that needs to
be rigid will need to perform below the Tg compared to a plastic material that will need to be
flexible and perform above the Tg. Above the Tg, the chains can slip past each other and rearrange
into a more favorable position. Differential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA) are two different techniques that are used to measure the different thermal
transitions of the samples and the temperature when they occur.
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Figure 5.3: Thermogravimetric analysis of XP0177 (PI-1)

Figure 5.4: Differential Scanning Calorimetry Analysis of XP0177 (PI-1)
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DSC measures the Tg as the midpoint in the endotherm shift of the baseline. For the
polyimide used to make the fibers the Tg is 7.79ºC, so at room temperature, the polymer will work
as a plastic flexible material and allows the fiber to stretch. DMA can use the loss modulus and
the damping factor to measure the Tg. In the loss modulus G”, there will be a peak, the alpha
transition, before the modulus decreases by 3 to 4-fold. The damping factor or tan delta is the ratio
of the loss modulus G” over the storage modulus G’. From the damping factor, the value is taken
at the peak which occurs when the sample becomes rubbery and the storage modulus comes close
to the loss modulus. The Tgs from DMA is 5.7ºC from G” and 24.8ºC from tan delta. Between the
two techniques calorimetric and mechanical the T g falls in a similar range. The fibers do not show
any significant difference in Tg compared to the virgin polyimides. The Tg of the aliphatic
polyimide is low compared to conventional aromatic polyimides, which facilitates the processing
and permit the exploration of different applications for this type of polymers [41 42].
The activation energy of the Tg was measured using time temperature superposition (TTS)
and a Williams Landel Ferry (WLF) model to fit the data and obtain the value of 179.84 kJ/mol at
30ºC (Table 2.5 and Table 3.4) [41 42]. Also, the activation energy of the viscous flow was
calculated using TTS and analyzed using an Arrhenius model (95.21kJ/mol at 120ºC)(Table 2.6).
In TTS, frequency and temperature are related and this permits us to study polymers in a much
broader range. On one side, high frequencies are related to lower temperatures because the chains
are not able to move due to limited time or low thermal energy, and therefore, behave more elastic.
On the opposite side, low frequencies are related to high temperatures because the samples have
high movement due to a high thermal energy or extensive time periods, and therefore, behave more
plastic. TTS allows studying the behavior of a polymer over a long period of time. The information
obtained is important for the processing of the samples but also the operational temperature of the
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products derived from the polymers. Since the material will be used at room temperature the
activation energy of Tg gives an insight into how the polymer will behave and where could it fail.
The activation energy of viscous flow (provides an insight into the polymer processability with
conventional thermal processes [42]. In this process, the fibers were created from a DCM solution,
but the thermal results show that the polymer has low enough transitions that it could be processed
using fiber extrusion equipment. This process could be more suitable for large-scale manufacture
of the fiber mats. The process would eliminate the usage of solvents and the low thermal transitions
will not have a massive energy requirement.

Figure 5.5: Dynamic Mechanical Analysis of XP0177 (PI-1)
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Figure 5.6: Time Temperature Superposition for the Activation Energy of the T g of XP0177 (PI1)

Figure 5.7: WLF Model of XP0177 (PI-1)
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TTS XP0177 120 C Master Curve

Figure 5.8: Time Temperature Superposition for the Activation Energy of Viscous Flow of
XP0177 (PI-1)

Figure 5.9: Arrhenius Model of XP0177 (PI-1)
176

5.3.3. Morphological Characterization
SEM images show the surface of the material and the morphological characteristics of the
film and fiber membrane. There is a clear difference between the two processing methods
outcomes. The heated pressed method, used to prepare the control sample, creates a uniform nonporous surface with the imperfections of the released paper imprinted on it (Figure 5.11) and the
electrospinning method leads to the formation of macro-porous fiber mats (Figure 5.12) [43]. The
electrospun sample shows an intricate web that has different layers of interlaced fibers that create
the polyimide fiber membrane (Figure 5.12). The integrity of the fiber was tested using a constant
pressure of 5 Tonnes. From Figure 5.5, we can appreciate the structure of the membrane and the
pores remain in the overall structure of the membrane.
The structure of the backbone was important for the desired final product. A stiffer
backbone yielded fiber membranes comparable to cotton that would need to be woven for their
final application (Figure 5.10D). On the other side, the interaction among the chains can fuse the
fibers and make a non-porous coating like it was the case of the sample in Figure 5.8. XP01119
consisted of a similar backbone compared to XP0177 (PI-1) but has a monomer switch from a
dianhydride to a diisocyanate introducing 10% urea linkages. The coating was not water permeable
and could have a different application (Figure 5.14) [44]. Figure 5.10A and Figure 5.11 show the
control film and Figure 5.10C and Figure 5.12 the electrospun membrane. The complex
arrangement of the fibers (2 to 4.5µm in diameter) does not create a direct path to cross from one
side of the membrane to the other side (Figure 5.12). This is important for the filtration mechanism
based on the size of the particles. The random configuration creates different pores sizes that could
allow the particulates to enter the structure but then get lock in place. Reusability is an important

177

component that was tested to show that even if some particulates enter the structure they do not
clog the paths.
The processing method, as well as the structure of the backbone, are important to create
the porous membrane. The flexible polyimide had the best characteristics to make a flexible
membrane useful for a filtration devise based on particulate size. The behavior of the polymer
chain arrangement and the processing methods changed the physical characteristics of the polymer
(Figure 5.10A and Figure 5.10C) that was studied in the tensile testing.

A

D

B

C

Figure 5.10: Polyimide Films (A) Pressed Film, (B) Electrospun Carbon Black infused (C)
Electrospun Neat Mat, (D) Electrospun High Tg Polyimide Fibers
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Figure 5.11: XP0177 (PI-1) Pressed Film Used as Control

Figure 5.12: XP0177 (PI-1) Fiber Membrane
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Figure 5.13: XP0177 (PI-1) Fiber Membrane Pressed Under 5 Tonnes

Figure 5.14: XP01119 Fiber Membrane
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5.3.4. Tensile Testing
Different processing methods can alter the physical properties of the materials. Casting and
forging are a clear example that makes a product of the same material with different characteristics.
In this case, an electrospinning process was used to make the polyimide mats. A simple film using
a heated press was used as a control for the tensile properties of the sample. From the SEM images,
the clear difference between the processing of the samples is that by using the electrospinning
method we create fibers that interlace randomly among them, while the pressed film shows a
uniform material (only the rough surface from the plates used during the processing of the sample).
The differences are more noticeable in the tensile properties of the samples. The control sample
achieved the maximum stress of 1.0 N/mm2 at 642% strain. After the necking of the sample, the
strain continued up to 1060% before fracturing at 0.9 N/mm 2 showing a large non-uniform plastic
deformation. The sample achieved its yield strength in a range of 50% elastic strain and only 0.55
N/mm2. This shows that the uniform plastic deformation was broad at just under 600%.
The fibers were tested in four different ways: a random orientation of the fibers using a
stationary collector, a parallel and a perpendicular orientation of the fibers with respect to the
source using a rotary collector [4 5], and a carbon black infused sample with a random orientation.
These different factors will show an overall behavior of the polyimides mats and the effects of the
electrospinning process. All the samples show a maximum stress increase of four to five times
depending on the different aspects tested. The samples with a parallel orientation reached the
highest max stress at 5.4 N/mm2 followed by the carbon black at 4.0 N/mm 2, then the perpendicular
orientation at 3.9 N/mm2, and finally the random orientation fibers at 3.9 N/mm2. The stress at
fracture decreases between 0.3 to 0.7 N/mm2, this is not significant since the total strain behavior
of the fibers had a shorter ranged compared to the control sample. In the samples tested the non-
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uniform plastic deformation range was under 10% and shows that the fracture of the sample was
close to the ultimate tensile strength. The strain attained at the max stress decreased compared to
the control sample with the highest value attained by the random orientation fibers at 437% strain,
followed by the carbon black random fibers at 288% strain, then the parallel fibers at 202% strain
and finally the perpendicular fibers at 162% stain. The elastic strain was lowered to 10%strain with
the parallel fibers achieving the highest yield strength at 2.8 N/mm 2, which follows a similar
pattern to the ultimate tensile strength of four to five times.
The results show that the electrospinning process is necessary to improve the tensile
properties of the polymers. Different factors show different benefits that will need to be taken into
consideration based on the final application of the product. The incorporation of external elements
like carbon black does not influence the stress properties in the fibers and allows for external
modifications depending on the final purpose of the product. The alignment of the fibers plays an
important role. The parallel fibers are longer compared to perpendicular fibers, and it shows in the
strain and stress properties. While the alignment shows an improvement in the stress compared to
the random fibers, it becomes detrimental for the strain properties. The shorter length fibers in the
perpendicular orientation fail at the lowest strain. The parallel fibers appeared to be pre-stretched
which also decreases the total strain. Overall the random orientation fibers show to have the most
complete properties with maximum stress that just lags the best performing fiber but it leads the
strain by almost doubling any other fiber tested and is the closest to the neat fiber. Other interlaced
patterns could be tested but will require a different type of collectors or multiple collecting steps.
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Figure 5.15: XP0177 (PI-1) Pressed Film Used as Control

Figure 5.16: XP0177 (PI-1) Fiber Mat Random Orientation of the Fibers Using a Stationary
Collector
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Figure 5.17: XP0177 (PI-1) Fiber Mat Perpendicular Orientation of the Fibers with Respect to
the Source Using a Rotary Collector

Figure 5.18: XP0177 (PI-1) fiber mat parallel orientation of the fibers with respect to the source
using a rotary collector
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Figure 5.19: Carbon Black Infused XP0177 (PI-1) fibers mat with a random orientation

Table 5.2: Tensile testing of fibers

Samples
XP0177 (PI-1)
XP0177 (PI-1) Fibers
Random
XP0177 (PI-1) Fibers
Perpendicular
XP0177 (PI-1) Fibers
Parallel
XP0177 (PI-1) Fibers
Random Carbon black

Stress (N/mm2)
Strain (%)
Average Break Average Break
0.87 ± 0.05
1057.68 ± 71.88

Stress (N/mm2)
Average Max
1.04 ± 0.11

Strain (%)
Average Max
641.64 ± 19.28

3.59 ± 0.62

444.28 ± 43.60

3.91 ± 0.51

436.68 ± 46.49

3.33 ± 0.90

171.40 ± 49.98

3.94 ± 0.75

161.88 ± 49.98

4.88 ± 0.52

208.13 ± 23.39

5.40 ± 0.42

202.79 ± 23.15

3.24 ± 1.62

291.36 ± 30.41

4.01 ± 0.43

287.54 ± 30.94
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5.3.5. Filtration Analysis
Concentrated solutions of insoluble water particles were used to test the ability of the
membrane to work as a physical barrier. The size of the particles varied from Cobalt Oxide
(50nm)[45] to Diamond Dust (1.5 to 3.0µm). Figure 5.20 shows the water suspension and the
membrane before and after filtration. The results from the diamond dust particles filtration trials
are presented in Table 5.3. The results from the cobalt oxide particles filtration trials are presented
in Table 4. Cobalt oxide particles are 50nm in diameter size and were the lower limit tested to
ensure the model could be applied to different contaminants or bacteria [46].
The results of the filtration prove the efficiency of the membrane and the requirement of
the electrospinning technique to create the channels (Table 5.3 and Table 5.4). The pressed film
was used as a control and behave as an impermeable barrier. The efficiency of the filtration was
measured by measuring the mass of the particles added to create the suspension and then compared
to the mass of the particles collected after the filtration. The films were dried to ensure that water
retention in the membrane did not influence the total mass. The results from both particle mixtures
are consistent and reproducible. In Figure 5.21, the large particles from a carbon-black water
sample can be seen on the surface. Their large size does not fit in the pores. In the set of figures
(Figure 5.22 to Figure 5.25), it is possible to see the filtration of the diamond dust particles. The
first figure shows an overall representation of the film, with large cracks in the diamond dust
particle agglomeration that shows that it is dry. Figure 5.23 and Figure 5.24 display the saturation
of particles on top of the membrane, which is not visible. A picture of the bottom side of the
membrane was taken to confirm that the particles were held trapped inside the membrane as seen
in Figure 5.25. The membranes were tested multiple times and did not show slowing on the
filtration rate, which shows the high porosity of the material created.
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Table 5.3: Filtration of Synthetic Diamond Dust Particles of 1.5-3 µm

Trial
Single layer Pressed
XP0177 (PI-1)
(Control)
Single layer Neat
XP0177 (PI-1) (ES)
Single Layer
XP0177 (PI-1)
Carbon Infused (ES)
Double Layer Neat
XP0177 (PI-1) ES
(ES)
Single layer Neat
XP0177 (PI-1) ES +
Single Layer
XP0177 (PI-1)
Carbon Infused (ES)
Double Layer
XP0177 (PI-1)
Carbon Infused (ES)

Thickness
of the
Fiber
(mm)

Mass of
Fabric
(mg)

Concentration of
Solution(mg/20ml)

Mass of
Fabric
after
Filtration

Filtration
Efficiency (%)

0.16

N/A

20ml DI water

N/A

0.00

0.24

54.6

42.3

96.88

99.96

0.25

61.3

24.6

85.88

99.92

0.43

108.5

28.4

136.89

99.98

0.46

110.4

31.3

141.69

99.96

1.12

119.8

21.8

141.59

99.97

The thickness or layers of the sample does not influence the filtration results but could be
manipulated depending on the current and pressure of the liquid being filtrated to ensure durability.
During the test, the films were unsupported and did not collapse under the 0.2N of form from the
water being filtrated. The addition of carbon-black into the polymer fibers did not affect the
physical properties of the membranes as it was seen in the results for the tensile testing. The
adsorbent nature of carbon-black did not have any influence in the performance of the physical
barrier for filtration based on size. The minor difference in the filtration efficiency comes from the
minute amounts of precipitate left in the vial. Modifications to the backbone structure could be
made to target different aspects of the membrane functionality. The polymer showed it can hold
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an external element without compromising its integrity. This proves that the addition of an
adsorbent material could target different compounds based on other interactions different to
particle size.
Table 5.4: Filtration of Cobalt Oxide Particles of 50nm

Trial
Single Layer Neat
XP0177 (PI-1) (ES)
Single Layer
XP0177 (PI-1)
Carbon additive
(ES)

Concentration of
Solution(mg/20ml)

Mass of
Fabric
after
Filtration

Filtration
Efficiency (%)

53.4

19.8

73.19

99.94

59.7

20.1

79.78

99.93

Thickness
(mm)

Mass of
Fabric
(mg)

0.23
0.26

A

B

C

Figure 5.20: (A) Cobalt Oxide and (B) Diamond Dust Suspensions before (left) and after
filtration (right). (C) Membrane Before and After Filtration of Cobalt Oxide
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Figure 5.21: Carbon Black Particles Filtered by the Polyimide Membrane

Figure 5.22: Diamond Dust Particles Filtered by the Polyimide Membrane
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Figure 5.23: Diamond Dust Particles Filtered by the Polyimide Membrane

Figure 5.24: Diamond Dust Particles Filtered by the Polyimide Membrane Infused with Carbon
Black
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Figure 5.25: Diamond Dust Particles Filtered by the Polyimide Membrane (bottom of the
membrane)

5.4. Conclusion
The electrospinning process is an available option to develop polyimide fibers and explore
different applications for these materials. From the results, it shows that the control film does not
have any large pores for liquid filtration and electrospinning is required to create a porous material
for filtration. The alignment of the fibers shows a significant improvement in the tensile strength
by increasing it four to five times the stress depending on the alignment. While the strain is
decreased, it remains above conventional polyimides. Depending on the intricate arrangement of
the fibers they can be tailored to increase some of the properties, but they become more labor
intensive. Overall random fibers appeared to have more rounded properties. The membranes with
random alignment prove to be very efficient at filtrating insoluble water contaminants. Their lower
limit of filtration tested with the cobalt oxide nanoparticles proves to be effective for the size
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filtration of bacteria. Flexible polyimides appear to be a viable filtration option and their large
monomer variety provides the option to tailor the membrane depending on the final application or
target compound.
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Figure A1: IR Spectra of the Synthetic UPy Building Block
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Sample: UPY Tm 300c
Size: 9.4000 mg
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Table A1: Polyimide Sample and the Reference Code from the Laboratory Notebook
Polyimide Sample
PI-1
PI-UPy 1
PI-UPy 2
PI-UPy 3
PI-2
PI-UPy 4
PI-UPy 5
PI-UPy 6
PI-3
PI-UPy 7
PI-UPy 8
PI-UPy 9
PI-4
PI-UPy 10
PI-UPy 11
PI-UPy 12
PIU-1
PIU-2
PIU-3
PIU-4
PIU-5
PIU-6
PI-5
PI-6
PI-7
PI-8
PI-9
PI-10
PI-11
PI-12

Experiment Number
XP0177
XP0198
XP0199
XP01100
XP01105
XP01108
XP01111
XP01113
XP0173
XP0187
XP0196
XP0197
XP01107
XP01109
XP01112
XP01114
XP01119
XP01118
XP01117
XP01124
XP01125
XP01127
XP0180
XP0178
XP0179
XP03127
XP01123
XP01122
XP01121
XP01120

Laboratory Notebook
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
1
1
1
1

Page Number
77
98
99
100
105
108
111
113
73
87
96
97
107
109
112
114
119
118
117
124
125
127
80
78
79
127
123
122
121
120
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